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The objective of this dissertation is to develop the practical circular cylinder blade wind turbine driven by 
the steady lift force of the longitudinal vortex. The mechanism of the driving force generation is 
demonstrated, and the rotation, output torque, and axial drag characteristics are investigated in the wind 
tunnel experiments. In addition, several methods for improving performance are investigated and the 
prediction method for performance is proposed. 
In Chapter 1, the background and the outline in this dissertation are summarized. In Chapter 2, the 
structure and important parameters of the wind tunnel system and the cylinder blade wind turbine are 
described. The procedures of experiments and the measurement instruments are summarized. In Chapter 
3, the process of formation and shedding of the necklace vortex (NV), which is one of longitudinal vortices, 
at the intersection of the rotating circular cylinder blade and ring-plate is observed by the smoke 
visualization. In Chapter 4, the effect of basic structural parameters on the rotational and torque 
characteristics of a single cylindrical blade wind turbine is investigated. A method to estimate the lift and 
drag coefficients acting in the direction of rotation of the cylindrical blade by the NV is proposed, and the 
performance of the wind turbine is predicted by these coefficients. In Chapter 5, the effect of the blade 
configuration of the stepped circular cylinder blade wind turbine on the rotation and torque characteristics 
is investigated, and the optimal installation conditions are clarified. By setting the effective length of the 
circular cylinder blade equal to the formation region of NV, the resistance to rotation is reduced without 
decreasing the lift force of the NV and the torque improved. When the pitch ratio t/d, which is normalized 
by blade diameter d for the pitch t between circular cylinder blades, is around t/d = 2, the lift force acting 
on per circular cylinder blade is maximized. In Chapter 6, the effects of the configurations and structural 
parameters of the rotating circular cylinder blade wind turbine on the axial drag characteristics are 
investigated. When the NV forms steadily, a large axial drag force acts in the mainstream direction at the 
same time. The axial drag coefficient shows a complex behavior for the continuous increase in the flow 
velocity. In Chapter 7, in order to enhance the performance of the circular cylinder blade wind turbine, the 
two different diameter ring-plates (dual ring-plates) are installed in the upstream of the circular cylinder 
blade and this effect is investigated. The optimum gap between the two ring-plates, which the maximum 
output torque is obtained, is determined as one-circular cylinder blade diameter. The dual ring-plate could 
be more effective for improving the performance at large N. In Chapter 8, the characteristics of rotation, 
torque and power, obtained from the experimental results in each chapter are summarized, and the basic 
knowledge for the application and improvement of drive systems powered by LVs, such as the cylinder 
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A Swept area of rotating cylinder blade [mm2] 
AV Cross-sectional area of necklace vortex [mm2] 
CD Total drag coefficient of effective region [-] 
CD.U Axial drag coefficient [-] 
CL Total lift coefficient [-] 
Cla, Clb Coefficients for CL [-] 
Cp Power coefficient [-] 
Cz Fluid force coefficient [-] 
d Diameter of cylinder blade [mm] 
d’ Diameter of supporting rod [mm] 
D Center diameter of ring plate [mm] 
Dlarge Diameter of outside ring-plate of dual ring [mm] 
Dsmall Diameter of inside ring-plate of dual ring [mm] 
Dv Equivalent diameter of the cross-section of a Necklace vortex 
Fdrag Drag force by fluid resistance [N] 
Ffric Mechanical friction force [N] 
FNV Lift force by necklace vortex [N] 
FN Fluid force [N] 
FD.U Axial drag force [N] 
l Effective length of cylinder blade [mm] 
l’ Length of supporting rod [mm] 
ldrag Spanwise length of occurring region of fluid resistance [mm] 
lF Separation length of two flanges [mm] 
lNV Spanwise length of shedding region of necklace vortex [mm] 
lP Protruding length of cylinder blade from ring-plate rims [mm] 
ltotal Total length of cylinder blade [mm] 
m Total mass of cylinder blade, hub, and driving shaft [kg] 
mblade Mass per stepped cylinder blade [kg] 
mshaft Mass of hub and driving shaft [kg] 
n Rotational speed of cylinder blade [rpm] 
nmax Maximum rotational speed at loaded experiments [rpm] 
nmin Minimum rotational speed at loaded experiments [rpm] 
N Number of blades [-] 
R Radius of ring-plate [mm] 
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rdrag Distance between the acting point of resistance force of effective region and the rotation axis  
[mm] 
rd’ Distance between the acting point of resistance force of supporting rod and the rotation axis [mm] 
rNV Distance between the acting point of driving force of effective region and the rotation axis [mm] 
rshaft Radius of driving shaft [mm] 
Re Reynolds number [-] 
s Gap between upstream and downstream bodies [mm] 
t Installation interval between cylinder blades [mm] 
Tbrake Load torque [N·m] 
Tdrag Fluid resistance torque [N·m] 
Tfric Friction torque [N·m] 
TNV Driving torque [N·m] 
Tz Cross flow torque [N·m] 
U Flow velocity [m/s] 
Umin Minimum velocity for rotation [m/s] 
Ustart Calculated minimum velocity for rotation [m/s] 
V Rotational velocity of cylinder blade [m/s] 
VR Velocity ratio of upstream cylinder in numerical simulation [-] 
W Width of ring-plate [mm] 
Wring Gap between ring-plates [mm] 
α Relative attack angle [deg] 
λ Velocity ratio of upstream cylinder blade [-] 
λope Operating velocity ratio of cylinder blade in loaded experiments [-] 
μ Friction coefficient [-] 
ρ Density of air at 20°C [kg/m3] 




The importance and trends of wind power generation in renewable energy will be explained, and the many 
types of wind turbines and each application will be shown. The innovative research on wind turbines in 
Japan and Japan's world-leading offshore wind power generation will be summarized. The mechanism of 
vortex shedding that appears in the downstream of a blunt body placed in a uniform flow is introduced. The 
vortex-induced vibration that occurs when a blunt body is elastically supported, a serious accident which 
was occurred by the vortex-induced vibration, and several techniques of suppression and control the vortex 
shedding are reviewed. The passive method of fluids engineering laboratory in Nagaoka University of 
Technology by adding a secondary body such as the circular cylinder or the strip-plate to downstream in 
cruciform arrangement is introduced regarding the applications of the longitudinal vortex (LV) that 
suppresses or induces vibration. A conversion mechanism of the periodic formation of the LV to the steady 
formation in a certain direction is explained and the process of development and the characteristics of an 
innovative wind/water turbine driven by the steady lift force of the LV is desribed. The numerical study is 
carried out to clarify the mechanism of steady formation of the LV and the generation of steady lift force is 




1.1 Wind power generation 
1.1.1 Background 
The use of wind has a history of thousands of years. Since the oil crisis of the early 1970s, wind power 
technology has transitioned from a low-level experimental technology primarily used to charge batteries to 
mainstream of power technology in just two decades. Today, wind power has become one of the fastest 
growing renewable energy sources. Wind power is cost-free and infinite. The cost of electricity generated 
by wind is comparable to the cost of electricity generated by conventional fossil-based power plants [1]. The 
global wind power reached 650.8GW by the end of 2019 and covered 6% of the world's total electric power 
demand, which is equivalent to more than the annual electric power demand of Japan. China, the United 
States, and Germany were the top list and these three countries accounted about half of the world's total 
adoption. In Japan, the Ministry of Economy, Trade and Industry (METI) has assumed an installed capacity 
of about 10GW by 2030, and the actual installed capacity of wind power in Japan at the end of 2019 was 
3.9GW [2,3]. The wind power produces 2.4% of the total electricity in Europe. The EU's decision to make 
the wind power a major source of electricity has explicitly stated that it will gain 12% market share by 2020 
and 20% by 2030 [1]. Also, WindEurope, the Europe-based business organization for wind power industry, 
explicitly stated at the international conference "Offshore 2019" in Copenhagen in November 2019 that it 
will increase European offshore wind power capacity to 450 GW by 2050, providing 30% of total electric 
power demand in Europe [4,5]. 
 
 
1.1.2 Types and characteristics of wind turbines 
As shown in Fig. 1-1, wind turbines are classified into two main types according to the direction of the 
rotation axis: the horizontal axis type and the vertical axis type. In addition, based on the rotating principle 
and the mode of generating torque, wind turbines are classified into two types: the lift type, which uses the 
lift force acting on the blades of the wind turbine, and the drag type, which uses the drag force. The drag 
type wind turbines rotate at a circumferential speed below the mainstream speed acting on the wind turbine, 
whereas the lift type wind turbines rotate at a higher circumferential speed, which is more than twice the 
mainstream speed [6]. Fig. 1-2 summarizes the types of wind turbines and their applications [7]. The 
characteristic coefficients used to evaluate the performance of various wind turbines include the power 
coefficient, torque coefficient, and tip speed ratio as shown in Fig. 1-3. Propeller type wind turbines and 
Darrieus type wind turbines have a small torque coefficient but a large power coefficient, and they are 
suitable for high speed and low torque power generation. On the other hand, Savonius and multiblade type 
wind turbines have a small power coefficient but a large torque coefficient. They are low speed and high 





Fig. 1-1 Categorization by direction of rotation of wind turbine [6]. 
 
 
Fig. 1-2 Categorization of various wind turbines [7]. 
 
 
(a) Torque coefficient 
 
(b) Power coefficient 




1.1.3 Recent studies 
As the energy self-sufficiency rate of Japan is low, accelerated expansion of renewable energies is 
extremely important. Wind power generation can be used wherever the wind blows, and it can be built 
inexpensively, even in Japan's mountainous terrain. Furthermore, in Japan, which is surrounded by the sea, 
the floating offshore wind power generation, which the wind turbines are installed over the ocean, is leading 
the world. 
The studies on wind turbines in Japan are described in this section. Fig. 1-4(a) shows a wind turbine with 
a diffuser with a brim at the outlet, called "wind lens". The purpose of this brimmed diffuser is to increase 
the wind speed since the electric power generation is proportional to the third power of the wind speed. The 
vortex-forming plate called “brim” attached to the outside of the outlet of the diffuser generates a low-
pressure section near the diffuser outlet by its strong vortex formation, and the wind flows into the low-
pressure section. And a large speed-up effect is achieved near the diffuser inlet [8]. A significant increase in 
wind speed and power has been achieved by optimizing the shape of the diffuser [9]. The wind tunnel 
experiments were conducted on the vortex stabilization plates placed on the outer surface of the diffuser 
and the various shapes of brims, and the effect on the power coefficient was investigated [10]. This wind-
lens wind turbine is already in use as a human- and environment-friendly wind turbine. It can be installed 
in any location, and has been installed in parks and along roadsides, as well as a 25-kW mini-wind farm, as 
shown in Fig. 1-5 [11]. 
 
 
Fig. 1-4 The wind turbine with a brimmed diffuser shroud [9]. 
 
 




A vertical axis wind turbine called "butterfly wind turbine (BWT)" is shown in Fig. 1-6. This is a vertical 
axis type wind turbine that has a butterfly wing shape, and the blades have an airfoil cross-section. In 
addition, BWT has the looped blades, there are no arms or blade tips which are inevitable for the vertical 
axis type wind turbines with conventional straight blades. This simple blade shape and structure 
significantly reduces noise and fluid resistance. The effect of the cross-sectional shape of the blade on the 
power characteristics of a micro-BWT with a small profile of 0.4m in diameter and 0.3m in height was 
investigated. The cambered airfoil with the blade warped to follow the curvilinear flow formed by rotation 
produced a higher power compared to symmetrical airfoils [12]. In addition, a method to control the increase 
in rotational speed at high wind speeds by providing an over-speed control system with the blades was 
developed. At low rotational speeds, the looped blades rotate so that the vertical portion of each blade is 
perpendicular to the flow. When the rotational speed exceeds a certain value, centrifugal force twists the 
blades, as shown in Fig. 1-6(b) [13]. Fig. 1-7 shows a comparison of the theoretically predicted electric power 
for the BWTs with a radius of 3.5m with and without an over-speed control system. The electric power with 
an over-speed control system was almost the same up to 10m/s as that without the system and became lower 
at higher wind speeds. However, it was predicted that a wind turbine could generate about 3kW of power 
with a system even at a wind speed of 13m/s or higher when the wind turbine without a system stopped. 




Fig. 1-6 Prototype of the butterfly wind turbine (BWT) equipped with an over-speed control system for 5 




Fig. 1-7 Comparison of power between the BWTs with and without the over-speed control system [13]. 
 
The potential of offshore wind energy around Japan is large because of the wide distribution of suitable 
coastal areas (annual average wind speed of 7m/s or more). On the other hand, there are some problems, 
such as the cost of construction and maintenance management due to the small number of offshore wind 
turbine plant that have been installed, and the methods of environmental impact assessment have not been 
established. Currently, New Energy and Industrial Technology Development Organization (NEDO) is 
taking the lead in promoting offshore wind power generation in Japan. The development and research on 
offshore wind power generation facilities and offshore observation towers were conducted off the coast of 
Choshi, Chiba Prefecture on the Pacific side and off the coast of Kitakyushu City, Fukuoka Prefecture on 
the Sea of Japan sides in order to develop technologies for the design, construction, operation and 
maintenance of offshore wind power generation and environmental impact assessment, considering the 
meteorological and oceanographic conditions in Japan. Because the condition for offshore in Japan is 
different from those in Europe, the leading country in offshore wind power generation. The experimental 
facility off the coast of Choshi is shown in Fig. 1-8. The design and construction techniques of offshore 
wind turbines, observation towers and their foundations were developed and researched for the area off 
Choshi, which is subject to severe waves, and the area off Kitakyushu City, which is subject to strong 
typhoons. After the operation of the wind power generation facility, development and research were carried 
out on operation and maintenance techniques of wind turbines and observation towers, as well as methods 
for analyzing observation data [14]. 
 
 
Fig. 1-8 Demonstration facility of offshore wind turbine in off the coast of Choshi [14].  
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1.2 Vortex and vortex-induced vibration 
1.2.1 Karman vortex street 
When a blunt body such a circular cylinder is set in a uniform flow, the alternating flow separation on 
both surfaces of the body occurs and the vortex pattern appears in the downstream. This phenomenon is 
well known as the "Karman vortex street", and an example of visualization is shown in Fig. 1-9 [15]. 
The vortex shedding frequency fv of the Karman vortex street for the circular cylinder is proportional to 
the flow velocity U and, is inverse to the cylinder diameter d. The dimensionless parameter of the vortex 
shedding frequency is well known as the “Strouhal number St = fvd/U”. Fig. 1-10 shows the relationship 
between the Strouhal number and the Reynolds number Re = ρdU/μ for the circular cylinder [16]. The 
Strouhal number keeps an almost constant value as St ≃ 0.2 regardless the Reynolds number over the range 
of 200 < Re < 105. By the value of the Reynolds number, the flow form and characteristic, Strouhal number, 
drag coefficient, and separation angle were changed as presented in Table 1-1 [17]. The alternative formation 
of the Karman vortex from both sides of the body generates the fluid force perpendicular to the flow acting 
on the body periodically, and cause vibration and sound. Several examples of the phenomena are sound 
from an electric wire in the flow, or the wind noise from a swung thin rod. 
 
 
Fig. 1-9 Karman vortex street behind a circular cylinder at Re = 140 [15]. 
 
 








1.2.2 Vortex-induced vibration and wake control 
By the periodically shedding of the vortex, both fluctuating lift and drag force acts on the blunt body. 
The amplitude of the fluctuating lift force is larger than that of the drag force. In particular, the amplitude 
of lift force is large and when the blunt body is elastically supported so that it can vibrate perpendicular to 
the flow, i.e., in the cross-flow direction, a large vibration is generated when the frequency of the lift force 
coincides with the natural frequency of the blunt body. This phenomenon is well known as “Vortex-Induced 
Vibration: VIV” and it causes the serious accidents. A typical example of an accident by the VIV is the 
collapse of the Tacoma Narrows Bridge on the west coast of the United States in 1940 (Fig. 1-11). This 
accident was triggered by the "Karman Vortex-Induced Vibration: KVIV" of the bridge which induced a 
torsional flutter, and the bridge collapsed at a small flow velocity (19m/s) well below the design limit [18]. 
The VIV has caused not only the above example but also many accidents. Many researchers have focused 
on control the wake and vortex suppression. As an example, VIV is suppressed by attaching a piece of 
additional equipment to the upstream cylinder body without external energy as shown in Fig. 1-12 [16]. This 
is called passive methods. On the other hand, in active method, the vortex street is controlled by the external 






Fig. 1-11 Collapse of Tacoma Barrows Bridge [18]. 
 
 
Fig. 1-12 Add-on devices for suppression of vortex induced vibration of cylinders: (a) helical strake; (b) 
shroud; (c) axial slats; (d) streamlined fairing; (e) splitter; (f) ribboned cable; (g) pivoted guiding vane; (h) 
spoiler plates [16]. 
 
 
Fig. 1-13 Instantaneous flow visualization images in wake of a porous cylinder subject to continuous 
suction or blowing for Re = 3300. Γ is suction and blowing rates Γ = 100(V/U∞), where V is velocity through 
the porous cylinder negative for suction and positive for blowing, and U∞ is oncoming streamwise velocity 
[19]. 
 




1.2.3 Longitudinal vortices and their control 
The author's group investigated a passive method of suppressing VIV by placing another object in the 
downstream of the upstream cylinder body without contacting. The KVIV was effectively suppressed by 
employing a secondary cylinder body placed behind the upstream cylinder in a cruciform arrangement with 
a certain gap [22]. The Karman vortex street disappears due to the arrangement of the secondary structure in 
the downstream, but a necklace type or trailing type vortex is formed near the intersection. The formation 
of these longitudinal vortices (LVs) and their shapes in the cruciform two-cylinders system have been 
reported [23, 24, 25]. Fig. 1-15 shows a schematic diagram of trailing vortex (TV) and necklace vortex (NV) 
in the circular-cylinder/strip-plate system which the downstream circular-cylinder is plated to the strip-plate 
[26]. It has also been reported that the LVs are formed in the same way in a rectangular-cylinder/strip-plate 
system which is replaced the upstream circular-cylinder with a rectangular-cylinder and the downstream 
circular-cylinder with a strip-plate [27]. 
The LVs formed in the cruciform system fixed in a uniform flow alternate formation and disappearance at 
diagonally backwards of upstream cylinder body, like Karman vortex street. These formation and 
disappearance of the LV is highly periodic, and its frequency is affected by the flow velocity and shape 
factor. The LVs in Fig. 1-15 are formed in the upper part of the diagonal backward direction of the upstream 
cylinder. In the next instant, a LV is formed at a symmetrical position with respect to the horizontal plane 
including the central axis of the cylinder, i.e., the lower part of the diagonal backward. A fluctuating lift 
force acts on the upstream cylinder body synchronously with the formation and disappearance of the LV, 
and this vibration force is greater than the fluctuating lift force due to the periodic shedding of Karman 
vortex street. The author's group found that the phenomenon of vibration by LVs, or "longitudinal vortex-
induced vibration: LVIV", occurs when a upstream cylinder body is elastically supported so that it can 
move perpendicular to the mainstream (cross-flow) direction [28,29,30]. The VIV is a resonance phenomenon 
that occurs when the natural frequency of the system coincides with the shedding frequency of the vortex. 
Since the shedding frequency of the Karman vortex street is proportional to the flow velocity, the KVIV 
occurs only in a narrow range of flow velocity where the two frequencies have coincided each other. The 
power generation system VIVACE using Karman vortex induced vibration covers the narrow range of flow 
velocity range where KVIV occurs by targeting the flow with small velocity fluctuations such as ocean 
currents [31]. For the practical application of the KVIV power generation, methods such as to actively control 
the natural frequency to match the vortex shedding frequency is considered, these methods have 
complicated structures and have problems with cost and durability. The shedding frequency of the LV 
increases as the flow velocity increases, and thus the oscillation phenomenon due to the resonance occurs 
in a specific flow velocity region, but the three-dimensional structure of the LV changes autonomously and 
the shedding frequency matches the natural frequency of the system and the oscillation continues even if it 
deviates greatly from the original resonant flow velocity. Although, phenomenon is also observed in KVIV, 
the synchronous velocity range of the LVs is much wider than that of Karman vortices, and the range is 
19 
 
extended to tens-times in the case of circular-cylinder/strip-plate systems [29]. The authors' group presented 
a LVIV power generation system that uses advantage of the strength of the vibration force, the wide range 
of synchronous flow velocity and the simplicity of the structure [32]. This power generation system does not 
require complex mechanisms and enables power generation over a wide range of flow velocities, which is 
advantageous for the practical application of VIV power generation. 
 
 
Fig. 1-15 Configurations of adding a secondary cylinder in downstream in cruciform arrangement, and 
visualization of the longitudinal vortices [26]. 
 
 
1.2.4 Steady lift force generation by longitudinal vortex 
The LV gives a very strong vibration force to the upstream cylinder, and periodically forms and disappears 
diagonally behind the upstream cylinder in the gap with the downstream cylinder body, similarly to the 
Karman vortex. The LV causes a fluctuating lift force acting on the upstream cylinder body which is time-
averaged to zero, i.e., no steady lift force is generated. Therefore, the LVs do not act as a power source to 
move the cylinder body in one direction only. Our research group got the idea to use the LV that generate 
the strong excitation force to exert a steady lift force on the upstream cylinder body, particularly on the 
circular cylinder, and successfully stabilized the LV at a certain position. We proposed a new driving system 
of wind turbine shown in Fig. 1-16 as an example of their results [33, 34]. As a method of stationary formation 
of the LV on one side of the cylinder in order to obtain a steady lift force, giving a relative attack angle to 
the flow field was focused. When the upstream cylinder moves in parallel along with the downstream strip-
plate at a constant speed, the flow field around the cylinder has a relative attack angle, and the LV stationary 
forms on the opposite side of the moving direction. In the wind turbine apparatus, in order to maintain 
continuous movement in one direction, the cylinder was fixed to the driving shaft at the center of the 
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spanwise length and was enabled rotation. The strip-plate was replaced with a ring-shaped flat plate having 
a width W. The motion of the cylinder blade wind turbine with a width ratio of W/d = 1 was confirmed by 
a wind tunnel experiment with a constant flow velocity of U = 10m/s. When the gap ratio was s/d ≥ 0.325, 
the cylinder blade rotates continuously in the initial direction. 
This cylinder blade wind turbine is consisted by simple shaped parts such as a circular cylinder and a ring-
plate and is easier to manufacture and more robust than the conventional propeller type wind turbine. This 
wind turbine has been miniaturized and enlarged as shown in Fig. 1-17 by our research group, and 
continuous rotation has been confirmed. 
 
 
Fig. 1-16 Photograph of trial test instrument of new turbine with circular cylinder blade. d = 20mm, ltotal = 
220mm, W = 20mm, D = 155mm, s = 7mm (s/d = 0.35) [34]. 
 
 
Fig. 1-17 Miniaturized cylinder blade wind turbine. 
 
In order to confirm the phenomenon of the stationary formation of the LV by the motion of the upstream 
cylinder and the generation of lift force due to it, the flow field around the cylinder which constantly rotates 
or translates, and the lift force acting on the cylinder were investigated by numerical calculation [35]. 
For a cruciform cylinder/strip-plate system, when the cylinder translates in the spanwise direction of the 
strip-plate at a constant speed, both NV and TV form near the intersection as shown in Figs. 1-18 and 1-19. 
In particular, the NV which stationary forms behind the moving direction of the cylinder induced a strong 
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suction (negative pressure) region in front of the cylinder and generated the driving force (lift force) to the 
cylinder [36]. Using this cruciform cylinder/strip-plate system, the aerodynamic characteristics around the 
cylinder and the effects of the structural parameters of the wind turbine such as the gap ratio s/d, width ratio 
W/d, and protrusion length ratio le/d were investigated. The distribution of fluid force and pressure around 
the cylinder each experimental condition was investigated, and it is concluded that combination of structural 
parameters of s/d = 0.3-0.4, W/d = 1.5-2.5, and le/d = 1.5 in Fig. 1-20 was the most effective for the lift 
force formation [35]. In order to improve the lift force acting on the cylinder, the end plates of several shapes 
were attached to the free end of the cylinder and evaluated their effect. For the evaluation, the conditions 
of W/d = 1 and the cylinder length ratio of l/d = 4 which is generated a negative lift force against to the 
moving direction shown in Fig. 1-21 were used, and a pair of circular end plates of de > d and semi-circular 
end plates having a rectangular bent at downstream were attached. It was shown that the attachment of the 
semi-circular end plate improved the negative lift force, whereas the circular end plate did not. The 
dimensionless number of end plate diameters was recommended to be de/d = 2.5 [36]. 
In the Longitudinal Vortex Wind Turbine: LV-WT model, numerical calculations are conducted using 
same structure and parameters of the actual cylinder blade wind turbine in the wind tunnel experiment, the 
calculation results coincided well with the experimental results [37]. In addition, in order to improve the 
efficiency characteristics of the wind turbine, the unnecessary regions on the cylinder blade where negative 
lift force is generated were removed, and the three-dimensional effect of LV was evaluated [38]. 
 
 
Fig. 1-18 Schematic diagram of the LVs near crossing of a moving cylinder with a fixed strip-plate set 
downstream in cruciform arrangement. The cylinder is moving on the y-axis (in depth direction), and the 





Fig. 1-19 Visualization of the NV on the plane of symmetry (z = 0 cross-section) for circular-cylinder/strip-
plate system with d = 20mm, l/d = 4, W/d = 1, s/d = 0.35 at U = 10m/s when the upstream cylinder is moving 






1.3 Objectives of study 
The objective of the research work is to develop a cylinder blade wind turbine which is driven by steady 
lift force of the LV and rotates steadily. The wind tunnel experiments are carried out to investigate the 
rotation, output torque, and performance characteristics of a cylindrical blade wind turbine, which are still 
largely unknown at this stage. The purpose of major experiments and contents are shown below. 
1. The characteristics of stational forming and shedding of the LV are investigated by the visualization 
of the NV near the intersection and measuring the axial drag force acting on the cylinder blades. 
2. By the evaluations of the rotational speed at free-rotating conditions without load to the driving shaft, 
and the output torque and power at loaded condition, the influence of the basic structural parameters 
of a cylindrical blade wind turbine are investigated. 
3. The effects of multi-blade and blade configuration on the steady formation of LVs are elucidated, and 
guidelines for improving the performance of cylinder blade wind turbines is obtained. 
4. The dual ring-plate is installed to the cylinder blade wind turbine as a new idea to improve the 
performance, and the installation conditions of the dual ring-plate and cylinder blades are optimized. 
Based on the above research results, the guideline for the practical application of cylinder blade wind 
turbines is obtained and the basic knowledge for further applications and performance improvement of new 
driving systems powered by LVs is clarified. In addition, the performance characteristics, advantages and 
problems are compared with those of the conventional wind turbines, and the status of cylinder blade wind 




1.4 Organization of dissertation 
This dissertation consists of eight chapters and main contents of each chapter are existed as follows: 
Chapter 1 Introduction 
The vortex shedding and vortex induced vibration, and their suppression and control methods were 
described. The research work on steady lift force by LV in our research group were introduced with some 
examples. The objectives of the study were clarified. 
Chapter 2 Experimental conditions and procedures 
The structure and important parameters of the wind tunnel system and the cylinder blade wind turbine are 
described. The procedures of experiments and the measurement instruments are summarized. 
Chapter 3 Visualization of longitudinal vortex 
The cross-section of NV at the intersection of the cylinder blade and the ring-plate are observed by the 
smoke and the effect of the installation conditions of cylinder blades are evaluated. 
Chapter 4 Basic characteristics of the single circular cylinder blade wind turbine 
The effects of basic structural parameters on the rotational characteristics and output torque characteristics 
are investigated. The method for estimating the lift coefficient by NV and the drag coefficient against the 
rotational motion is proposed and the performance of the wind turbine is predicted by above coefficients. 
Chapter 5 Effect of blade configurations of the stepped circular cylinder blade wind turbine 
Using the stepped cylinder blade wind turbine in which unnecessary regions of the cylinder blade for 
formation of LVs are removed, the effect of cylinder blade configuration such as effective length, number, 
and diameter on rotation and output torque characteristics is evaluated. Based on the visualization results 
in Chapter 3, the optimum condition for maximizing the performance is determined. 
Chapter 6 Axial drag force in mainstream direction 
The characteristics of axial drag acting in the mainstream direction is investigated by varying the structural 
parameters of the cylinder blade and the experimental conditions. The effect of stepped cylinder blades on 
reducing of the axial drag force is evaluated. 
Chapter 7 Effect of ring-plate configuration on the performance enhancement 
Based on the inference that the performance improves as the number of forming of NVs increases, the 
dual ring-plate with different center diameters is attached downstream of the cylinder blade and its effect is 
evaluated. The optimum value of the distance between two ring-plates and the effect of blade number are 
investigated. 
Chapter 8 Conclusions 
The characteristics of rotation, output torque, and power, obtained from the experimental results in each 
chapter are summarized, and the basic knowledge for the application and improvement of drive systems 
powered by LVs, such as the cylinder blade wind turbines, is clarified. The status of cylinder blade wind 
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2. Experimental conditions and procedures 
The overview of the wind tunnel and the test section used in all the experiments in this dissertation are 
shown. Three types of circular cylinder blade wind turbine with different conditions for the circular cylinder 
blade and the ring-plate (single circular cylinder blade wind turbine, stepped circular cylinder blade wind 
turbine, and dual ring-plate) are described. The procedures of the experiments (visualization, fluid force 
measurement, un-loaded experiment, loaded experiment, and axial drag force measurement) and the 
measurement instruments used in each experiment are summarized.  
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2.1 Wind tunnel and test section 
The wind tunnel used in all experiments is the blowdown type, and a test section with length of 1200mm 
and square-cross-section of 320mm is placed at the outlet. The velocity range is U = 2-40m/s and the 
turbulence intensities are 0.6% at the flow velocity U = 2m/s, which decreases to less than 0.3% at U ≥ 
11.2m/s [1]. The flow velocity U is measured by the ring-type velocimeter [2] of which hot-wire probe is 
placed 200mm downstream from the inlet of the test section. The wind turbine is installed in the test section 
as shown in Fig. 2-1. The wind receiving surface of the circular cylinder blade is located 840mm measured 








2.2 Circular cylinder blade wind turbine 
2.2.1 Single circular cylinder blade wind turbine 
A photograph and a schematic diagram of the circular cylinder blade wind turbine are shown in Fig. 1-16. 
A polyvinyl chloride pipe with closed ends with a diameter d = 20mm and a length ltotal = 220 or 280mm is 
adopted as the rotor blade. The cylinder is fixed to the driving shaft at the span-wise center. A ring-plate 
with a 3mm thickness, a center diameter D = 155mm and a width W between 15-60mm is placed 
downstream of the circular cylinder blade with a gap s. The gap between the circular cylinder blade and the 
ring-plate is set arbitrarily in the range of s = 0 to 15 mm. For the performance enhancement, two pairs of 
flanges with a 40mm diameter and a 3mm thickness are attached to the longer cylinder blade (ltotal = 280mm) 
with a separation length lF as shown in Fig. 2-2. 
The important parameters of the single circular cylinder wind turbine and their values in Chapter 4 are 
summarized in Table 2-1. A circular cylinder blade wind turbine with the basic structural parameters used 
in Chapter 4 is defined as the prototype model, and the structural parameters are d = 20mm, ltotal = 220mm, 
W = 20mm, and D = 155mm. 
The important parameters of the single circular cylinder wind turbine and their values in Chapter 6 and 
7 are summarized in Table 2-2. 
 
 
Schematic diagram of wind turbine with flange attachment 




Table 2-1 Parameters of wind turbine and experimental conditions in Chapter 4. 
 
Without flanges With flanges Prototype model 
Cylinder blade diameter d [mm] 20 
Cylinder blade length ltotal [mm] 220 280 220 
Separation length ratio lF/d [-] (lF [mm])  3-7 (60-140)  
Width ratio of ring-plate W/d [-] (W [mm]) 0.75-3 (15-60) 1 (20) 1 (20) 
Ring-plate diameter D [mm] 155 
Gap ratio s/d [-] (s [mm]) 0-0.5 (0-10) 0.35 (7)  
Total mass of the rotating shaft and circular 
cylinder blade m [kg] 
0.23 0.24 0.23 
Friction coefficient of ball bushing μ [-] 0.002 [3] 
 
Table 2-2 Parameters of single circular cylinder blade wind turbine and experimental conditions in Chapter 
6 and 7. 
 Chapter 6 Chapter 7 
Cylinder blade diameter d [mm] 20 
Cylinder blade length ltotal (ltotal/2) [mm] 220 (110) 
Ring-plate width W [mm] 15, 20, 30 20, 40 
Ring-plate diameter D [mm] 155 
Gap ratio s/d [-] 0.2-0.5 0.35 
 
 
2.2.2 Stepped circular cylinder blade wind turbine 
A photograph and a schematic diagram of the stepped circular cylinder blade wind turbine with blade 
number N = 8 are shown in Fig. 2-3. The dimensions of downstream ring-plate are determined such as the 
center diameter D = 155mm, the width W = 20mm and the thickness 3 mm. And the gap between the stepped 
circular cylinder blade and the ring-plate is set arbitrarily in the range of s = 0 to 15 mm. The stepped 
circular cylinder blades are made of Teflon-rod, and they are attached to a hub with a 30mm diameter and 
a 20mm thickness fixed to the driving shaft at equal intervals, up to the maximum number of the blade N = 
12. The diameter of the supporting rod part is d' = 6mm, and the protruding length of the effective part from 
rims of the ring-plate lP is equal between inside and outside the ring-plate. 
The important parameters of the stepped circular cylinder blade wind turbine are the blade length and 
diameter of effective region l and d, and the number of blades N. The important parameters of the stepped 
circular cylinder wind turbine and their values in Chapter 5 are summarized in Table 2-3. A prototype model 
of the stepped circular cylinder blade in Chapter 5 is defined as follows: the cylinder diameter of the 
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effective region where the lift force of NV acts is set to d = 20mm, its length l = 60mm (l/d = 3), the total 
length is ltotal = 215mm, and the protruding length is lP = 20mm. Influence of the number of blades is 
investigated for this prototype model by varying N in the range of N = 2-12. In order to investigate the 
influence of effective blade length, the five different effective lengths, i.e., l = 40, 50, 70, 80, 90 mm are 
tested with N = 2 turbine. The total blade lengths in their case are ltotal/2 = 97.5-122.5mm. In order to 
investigate the influence of effective blade diameter, the four different effective diameters, i.e., d = 23, 25, 
28, 30 mm with the effective length of l = 60mm are tested with N = 2, 4, 8, 10 turbines. 
The important parameters of the stepped circular cylinder wind turbine and their values in Chapter 3, 6 




(c) Schematic diagram and parameters at N = 2 




Table 2-3 Dimensions of stepped circular cylinder blades and parameters of wind turbine and experimental 
conditions in Chapter 5. 
Blade diameter d [mm] 20 23 25 28 30 
Supporting rod diameter d’ [mm] 6 
Effective length l [mm] 40-90 60 
Protruding length lP [mm] 10-35 20 
Cylinder blade length ltotal/2 [mm] 97.5-122.5 107.5 
Number of blades N [-] 
2-12 for l = 60mm 
2 for other l’s 
2-10 
Ring-plate width W [mm] 20 
Ring-plate diameter D [mm] 155 
Gap ratio s/d [-] (s [mm]) 0.2-0.7 (6-15) 
 
Table 2-4 Parameters of stepped circular cylinder blade wind turbine and experimental conditions in 
Chapter 3, 6 and 7. 
 Chapter 3 Chapter 6 Chapter 7 
Cylinder blade diameter d [mm] 20, 28 20 
Effective length l [mm] 40 50 
Protruding length lp [mm] 10 15 
Cylinder blade length ltotal [mm] 195 205 
Number of blades N [-] 
2 for d = 20mm 
2, 4, 8 for d = 28mm 
2, 8 2, 4, 6, 8 
Ring-plate width W [mm] 20 
Ring-plate diameter D [mm] 155 
Gap ratio s/d [-] 0.35 0.2-0.5 0.35 
 
 
2.2.3 Dual ring-plate 
A photograph and a schematic diagram of the circular cylinder blade wind turbine with the deal ring-plate 
are shown in Fig. 2-4. Seven different diameters of ring-plate of D = 80-130 and 180 mm are used in the 
dual ring-plate. The center diameter of the ring-plate attached to the outside is Dlarge, and the inside ring-
plate is Dsmall. Dlarge is fixed to 180mm and Dsmall is changed between 80 and 130mm. Therefore, the gap 
between ring-plates is determined as Wring (= Dlarge/2-Dsmall/2-W) = 5-30mm. The gap ratio s/d is set so that 
the inside and outside ring-plates are equal, and s/d is fixed at 0.35. 
For the single circular cylinder blade wind turbine, the long cylinder blade with d = 20mm and ltotal = 
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220mm is used. In the experiments for the stepped circular cylinder blade wind turbine, the effective length 
is set between l = 75 and 100mm so that lP is fixed to15mm in all condition of Wring. This lP = 15mm is 
equal to the protruding length of l = 50mm, which is the maximum rotational speed at un-loaded condition 
is obtained, for the stepped circular cylinder blade wind turbine with W = 20mm as shown in Chapter 5. 
That is, lP = 15mm is a condition where the fluid resistance region for rotation at both ends of the circular 
cylinder blade is minimized. Since Dlarge is fixed to180mm, the total blade length is fixed at ltotal = 230mm. 
In order to investigate the effect of the blade number at Wring = 10, 20mm, 8-stepped circular cylinder blades 
with effective lengths of l = 80, 90mm are prepared. And 2-stepped circular cylinder blades are prepared at 
other l. Table 2-5 shows the conditions of structural parameter for each circular cylinder blade wind turbine 
with the dual ring-plate. 
 
Fig. 2-4 Photographs and schematic diagrams of dual ring-plate. 
 
Table 2-5 Parameters of experiments for dual-ring plate. 
Wind turbine type Single circular cylinder Stepped circular cylinder 
Cylinder blade diameter d [mm] 20 
Effective length l [mm]  
80 and 90 for N = 2-8 
75-100 for N = 2 
Protruding length lp [mm]  15 
Cylinder blade length ltotal (ltotal/2) [mm] 220 (110) 230 (115) 
Number of blades N [-] (2) 2, 4, 6, 8 
Ring-plate width W [mm] 20 
Outside ring-plate diameter Dlarge [mm] 180 
Inside ring-plate diameter Dsmall [mm] 80-130 
Gap between ring-plates Wring [mm] 5-30 
Gap ratio s/d [-] 0.35 
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2.3 Experimental procedures 
2.3.1 Visualization experiment 
The equivalent diameter DV of NV is obtained from the visualization result in each experimental condition 
and the results are evaluated. A schematic of the visualization experiment is shown in Fig. 2-5(a). In order 
to straighten the flow from the wind tunnel, a honeycomb with a height of 320mm, a width of 320mm, and 
a thickness of 50mm shown in Fig. 2-5(b) is placed 100mm away from the circular cylinder blades. The 
smoke from the fog generator (Porta smoke PS-2006, Dainichi Co., Ltd.) flows out through a φ5mm pipe 
and flows from the upstream to the downstream of the honeycomb. A high-speed camera (FASTCAM SA, 
Photron Ltd.) is used to take the movies of the smoke motion and a LED light is used to observe the smoke 
clearly. A few images in which the cross-section of the NV is clearly visible are selected from the movies, 
and the area of the inside of NV (AV) is detected by an image analysis software, Image J [3]. The equivalent 





(2 − 1) 
 
 
Fig. 2-5 Photograph of honeycomb installed in the test section. 
 
 
2.3.2 Fluid force measurement 
An overview of the measurement apparatus for fluid force is shown in Fig. 2-6(a). A single circular 
cylinder blade wind turbine is rotated at a given rotational speed to set an attack angle, and the lift force, 
which is the force in the cross-flow direction acting on the single circular cylinder blade, is measured. The 
single circular cylinder blade rotates forcibly at an arbitrary speed n by a motor (BLM230HP-5S, Oriental 
Motor Co., Ltd.) attached to the end of the driving shaft. As shown in Fig. 2-6(b), a torque meter is 
connected between the motor and driving shaft holder (ball bushing). The force in the flow direction is 
measured as the fluid torque Tz, and the fluid force coefficient Cz is calculated. When a cylinder in a 
cylinder/strip-plate cruciform system moves in the cross-flow direction, the flow velocity U and the 
cylinder moving velocity V are composed as shown in Fig. 2-7(b), and the cylinder receives a relative flow 
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velocity Ur with an attack angle of α with respect to the mainstream. The fluid force Fz applied to a cylinder 





2, (2 − 2) 
where ρ is the density, and d and l are the diameter and length of the cylinder. The relative attack angle α 
determined by the flow velocity U and the moving velocity of cylinder V is lead as 






. (2 − 3) 
The moving velocity in the cross-flow direction of the single circular cylinder blade at the intersection V is 







. (2 − 4) 
Considering that the point of application of the fluid force Fz by the longitudinal vortex is two as shown in 




(2 − 5) 
and Cz is obtained by substituting Fz into Eq. (2-2). 
 
 
Fig. 2-6 Setup of measurement apparatus for measurement of fluid force. 
 
 




2.3.3 Un-loaded experiment 
The relationship between the terminal rotational speed n and the gap ratio s/d for fixed flow velocities U 
is measured under the un-loaded condition, i.e., the torque meter and the brake are not attached to the 
driving shaft shown in Fig. 1-16(a). And the relationship between n and U for fixed values of s/d is measured. 
The rotational speed of the driving shaft is measured by the non-contacting optical tachometer (AT-6, MK 
Scientific, Inc.). The driving shaft is held by the ball bushing that rotates and slides with small resistance 
in the rotational and axial directions. The downstream tip of the driving shaft used in the un-loaded 
experiments has a sharp needle-shape, and the downstream force due to the axial drag force acting on the 
circular cylinder blades is held by the tip of the needle of the driving shaft and a steel plate. That is, the 
axial drag does not affect the rotational load. 
 
 
2.3.4 Loaded experiment 
Both the rotational speed n and the output torque Tbrake are measured from the driving shaft at U = 10m/s 
where the friction loss by the ball bushing is negligible. The motor shown in Fig. 2-6(b) is replaced with an 
electromagnetic brake (HB0.5, OGURA CLUTCH Co., Ltd.). The rotational speed n is decreased in steps 
until the rotational speed reaches n = 0 by increasing the load from the electromagnetic brake, and n and 
Tbrake are measured by a torque meter. 
 
 
2.3.5 Axial drag force measurement 
2.3.5.1. Experimental apparatus 
The axial drag force acting on the single circular cylinder blade FD.U is measured under the three conditions. 
(1) The single circular cylinder blade and the ring-plate are attached, and the single circular cylinder blade 
freely rotates (rotating cylinder). 
(2) The single circular cylinder blade and the ring-plate are attached, but the single circular cylinder blade 
is fixed and does not rotate (fixed cylinder). 
(3) The ring-plate is removed and only the single circular cylinder blade is attached (cylinder only). 
The photographs describing three conditions are shown in Fig. 2-8. As shown in Fig. 2-8(b), the cylinder is 
fixed by placing two thin rectangular rods with a 5mm cross-section on both sides of the single circular 
cylinder blade. The spanwise direction of the rectangular rods is parallel to the main flow. Since the 
rectangular rods do not affect the formation of NVs and TVs, they are placed close to the driving shaft for 





Fig. 2-8 Setting methods for measurement of axial drag force. 
 
2.3.5.2. Calibration and installation of load cell 
Since the force acting on the tension/compression load cell (LTS-500GA, Kyowa Electronic Instruments 
Co., Ltd.) is output as the voltage, this output voltage needs to convert into the drag force by the calibration 
formula. The calibration was carried out for each experiment by the following procedure in order to derivate 
the calibration formula. It is assumed that the absolute values of the output of the voltages by applying the 
same force of tension and compression are equal. 
1. The output voltage was measured for ten seconds and the average voltage was determined in the load 
cell fixed so that it would not slip. At this time, since the load is not applied to the load cell, both the 
output voltage and the force acting on the load cell are set to zero. 
2. A scale pan with a weight of mplate (≃ 19.4g) was attached at a right angle to the load cell via a pulley 
system as shown in Fig. 2-9. The tensile force of mplate*9.8*10-3 (≃ 0.19N) acts on the load cell. When 
the scale pan was the stationary state, the voltage was measured for ten seconds and the average 
voltage was determined. 
3. The balance weights of 5, 10, 20, 50, 100, and 200g were placed on the scale pan and the average 
voltage was determined. The relationship between the tensile force F and the output voltage V was 
obtained by above measurements. 
4. The relationship F and V obtained by the procedure 1-3 is shown as an example in Fig. 2-10. An 
approximation is determined from this relationship and this approximation was used as a calibration 
formula for drag force measurement. 
As shown in Fig. 2-11, the measuring shaft of the load cell is attached to the tip of the driving shaft in 
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3. Visualization of longitudinal vortex 
The process of formation and shedding of the necklace vortex (NV) at the intersection of rotating stepped 
circular cylinder blade and ring-plate is observed by the smoke visualization. By the evaluation of the cross-
section diameter of the NV from the visualization results, the influence of the experimental conditions such 
as the diameter of the circular cylinder blade and the pitch between the circular cylinder blades on the 
formation of the NV is examined.  
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3.1 Visualization of necklace vortex 
Figure 3-1 shows examples of visualization at the intersection between the cylinder blade and the ring-
plate of the stepped circular cylinder blade wind turbine. The smoke flows from left to right, and the stepped 
circular cylinder blade rotates downward. Fig. 3-1(a) shows that a stepped circular cylinder blade just was 
about to pass through a streamline containing smoke. Vortices were not observed in front of the cylinder 
and the smoke was sucked into the gap between the stepped circular cylinder blade and the ring-plate. The 
three photographs of Fig. 3-1(b) show the visualization results where the streamline including smoke is 
behind the moving direction of the stepped circular cylinder blade. The cross-section of NV was observed 
in the gap between the stepped circular cylinder blade and ring-plate, as same as the numerical visualization 
shown in Fig. 1-19 in Chapter 1. The NV rotated clockwise and was fixed behind the stepped circular 
cylinder blade. The visualization of this series confirmed that the NV formed steadily in the gap on the 
opposite side of the moving direction of stepped circular cylinder blade which was consistent with the 
results of the numerical analysis [1]. 
 
 
Fig. 3-1 Visualization of flow around cross-section of stepped circular cylinder blade and ring-plate. 
Stepped circular cylinder blade rotates downward (d = 20mm, l = 40mm, lP = 10mm, ltotal = 195mm, N = 2, 




3.2 Effect of blade diameter 
Figure 3-2 shows the examples of the visualization results of the NV at N = 2 and d =20, 28mm. The 
smoke flows from the left side to the right in each figure and the stepped circular cylinder blade rotates 
downward, therefore, the NV constantly formed in the upper right of the stepped circular cylinder blade 
while rotating clockwise. Table 3-1 shows the average (DV Ave) and its standard deviation (SD), maximum 
(DV Max), minimum (DV Min) of the equivalent diameter of NV, and the number of detected NVs from the 
movies. The results of DV Ave, DV Max, and DV Min at d = 28mm were larger than those of d = 20mm. The value 
of DV Ave of d = 28mm is about 1.3 times larger than that of d = 20mm, i.e., DV Ave 28mm/DV Ave 20mm ≃ 1.3, 
and is almost coincides with the diameter ratio of stepped circular cylinder blade, which is d28mm/d20mm = 
1.4. The above results infer that DV of the NV increases linearly with the increase in the cylinder blade 
diameter while keeping similarity of their geometric shape. This linear increase of DV is considered to occur 
only specific N in which the flow fields around adjacent cylinder blades do not interfere with each other. 
The value of SD at d = 28mm is larger than that at d = 20mm, and it infers that the deformation of the NV 
and fluctuation of the lift force easily occur at larger d. 
 
 
Fig. 3-2 Visualization of the longitudinal vortex forming behind the stepped circular cylinder blades (d = 
20, 28mm, l = 40mm, lP = 10mm, ltotal = 195mm, N = 2, W = 20mm, D = 155mm, s/d = 0.35, U = 3-4m/s). 
White circles show tip-end of stepped cylinder. 
 
Table 3-1 Equivalent diameter of the longitudinal vortex obtained by image analysis at each stepped circular 
cylinder blade diameter at N = 2. 
 DV Ave mm SD DV Max mm DV Min mm Number of NV 
d = 20mm 4.82 0.372 5.44 4.24 13 




3.3 Effect of blade number 
Figure 3-3 shows the examples of the visualization results at N = 4, 8 and d = 28mm. The visualization 
result for d = 28 mm and N = 2 in Fig. 3-2(b) is also shown for comparison. The movement states of smoke, 
stepped circular cylinder blade, and NV are same as those shown in Fig. 3-2. The calculated DV Ave, SD, the 
number of detected NVs in each N are shown in Table 3-2. DV Ave was almost constant through all N and it 
showed that DV Ave is not dependent on N. When N = 8 shown in Fig. 3-3(c), the formation of NV and the 
suction flow occur next to each other. In the observations and the results, the values of SD at N = 2 and N 
= 8 were almost the same and the disturbance of the formation of NV or suction flow was not observed. 
However, it is assumed that by the pitch distance between the stepped circular cylinder blades becomes 
narrower, the flow fields around the adjacent cylinder blades interfere with each other, and it causes the 
disturbance of the formation of NV and leads reduction of the lift force. 
 
 
Fig. 3-3 Visualization of the longitudinal vortex forming behind the stepped circular cylinder blades (d = 
28mm, l = 40mm, lP = 10mm, ltotal = 195mm, N = 2, 4, 8, W = 20mm, D = 155mm, s/d = 0.35, U = 3-4m/s). 
White circles show tip-end of stepped cylinder. 
 
Table 3-2 Equivalent diameter of the longitudinal vortex obtained by image analysis at each stepped circular 
cylinder blade number at d = 28mm. 
 DV Ave mm SD Number of NV t mm 
N = 2 6.31 0.487 11 215.5 
N = 4 6.48 0.298 10 93.7 





In this chapter, the process of formation and shedding of necklace vortex (NV) at the cross-section of the 
rotating circular cylinder blade and ring-plate was observed by the visualization, and the influence of the 
diameter of the circular cylinder blade and the pitch between the circular cylinder blades on the size of NV 
was examined. The following conclusions were obtained from the experimental results and discussion. 
1. The NV was stably formed in the gap on the opposite side of the moving direction of stepped circular 
cylinder blade, which agreed with the results of the numerical analysis． 
2. The equivalent diameter of NV in cross-section increased linearly to the increase of blade diameter d 
at constant blade number N. 
3. The equivalent diameter was almost constant through all N within the experimental condition for the 
constant d. 
4. When the pitch between stepped circular cylinder blades is small, the formation of NV and the suction 
flow occurred next to each other. It is considered that the excessive decrease in the pitch causes the 
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4. Basic characteristics of the single circular cylinder blade 
wind turbine 
The steady lift forces acting on a cylinder blade is measured by using single circular cylinder blade wind 
turbine with the simplest structure, and the relationship between the relative attack angle and lift force is 
investigated. The basic rotational and output torque characteristics are also examined. The lift and drag 
coefficients acting on the rotating direction are estimated from the torque of the rotating single circular 
cylinder blade. The important structural parameters that characterize single circular cylinder blade wind 
turbines are identified, and the effects of these parameters on the performance of wind turbines are clarified 




4.1 Consideration of the stabilization of longitudinal vortex that forms and disappears 
alternately 
The longitudinal vortex (LV) is formed near the intersection of the cruciform circular-cylinder/strip-plate 
system, which is placed in the uniform flow, as shown in Fig. 1-15. The LV alternately forms and disappears 
behind the cylinder body diagonally in a uniform flow, such as the Karman vortex street (KV). The 
formation and disappearance of LV are highly periodic, and the shedding frequency is strongly affected by 
the flow velocity and shape factors. In the case of the necklace vortex (NV), the location of NV alternates 
the upper and lower sides of the upstream cylinder in the gap with the downstream strip-plate at the 
intersection, as shown in Fig. 4-1(a). The periodic change of the position of the LV causes periodic fluid 
forces in the cross-flow direction to act on the cylinder. If it is possible that the LV is constantly formed on 
either the upper or lower side of the cylinder, the steady lift in the cross-flow direction acts on the cylinder. 
As a method to stabilize the positions of the LV, the creation of the relative attack angle was tried by moving 
cylinder in the cross-flow direction. As shown in Fig. 4-1(b), the situation in which a cylinder moves upward 
along the strip-plate at a constant speed was considered. The cylinder has a relative attack angle due to the 
composition of the flow velocity and the moving velocity of the cylinder. When the strip-plate is installed 
with a certain gap with the cylinder, the flow field between the cylinder and the strip-plate becomes 
asymmetrical due to the occurrence of the relative attack angle. It was assumed that the NV is formed stably 
on the wide gap side which is opposite to the moving direction of the cylinder, and the steady lift force acts 
on the cylinder. 
This assumption is verified by the simple model shown in Fig. 1-16. Instead of parallel moving of the 
cylinder along the strip-plate, the driving shaft is attached to the center of the span-wise direction of the 
cylinder so that it rotates like a propeller, and the strip-plate is modified to ring-shaped and installed in the 
downstream so that it is concentric with the cylinder driving shaft. When the diameter of the ring-plate is 
large enough, the flow near the intersection will be like the schematic diagram in Fig. 4-1(a). The flow field 
shown in Fig. 4-1(b) is provided by applying an initial velocity to the cylinder in either direction. When the 
velocity of mainstream is low, the cylinder is given an initial speed in either direction and continues to 
rotate in that direction. Then the rotation accelerates angularly until it reaches a predetermined rotational 
speed and reaches a steady state. When the mainstream velocity exceeds about 3m/s, the cylinder can begin 
to rotate independent of a resting state without giving an initial velocity. At high mainstream velocity, the 
cylinder starts to rotate in one direction instantly, but at low velocities, the cylinder may start to accelerate 










4.2 Rotation characteristics 
The relative attack angle α was changed by rotating the single circular cylinder blade wind turbine of the 
prototype model at a given rotational speed at a constant flow velocity U = 10m/s, and the fluid force 
coefficient Cz was calculated from the torque acting on the driving shaft Tz measured by torque meter. Fig. 
4-2 shows the relationship between α and Cz for the gap ratios s/d = 0.1 and 0.4. In the case of s/d = 0.1, Cz 
increased monotonically with increasing α and was positive at all α. These results mean that the force is 
opposite to the direction of rotation of the single circular cylinder blade, i.e., the force that restrains the 
rotation acts on the single circular cylinder blade, and this force becomes stronger when the rotational speed 
is increased. This force suggests that the rotation of the single circular cylinder blade stops even when the 
initial velocity is applied at s/d = 0.1. On the other hand, In the case of s/d = 0.4, Cz showed a negative 
value at α ≤ 11deg. This negative value of Cz means that the single circular cylinder blade receives a force 
in the rotation direction when the single circular cylinder blade starts rotating, and accelerates. The smaller 
the value of Cz becomes, the larger the force acting on the single circular cylinder blade becomes. When α 
becomes larger than 11deg, Cz turned to a positive value and the force acted in the direction that suppresses 
the increase in the rotational speed. 
In order to investigate the relationship between the experimental results shown in Fig. 4-2 and the behavior 
of the single circular cylinder blade, the terminal rotational speeds of the single circular cylinder blade were 
measured when the gap ratio was increased step-wisely within the range of s/d = 0 to 0.5 at a constant flow 
velocity U = 10 m/s. This experiment was conducted without load in which the motor and the torque meter 
were removed from the tip of the driving shaft. Fig. 4-3 shows the measured rotational speed n of the single 
circular cylinder blade and the relative attack angle α calculated from the rotational speed at each s/d. The 
rotation stopped even if the initial velocity was applied in the range of 0 ≤ s/d < 0.35, including s/d = 0.1. 
For s/d = 0.4, the rotational speed was n = 245rpm, i.e., the single circular cylinder blade rotated steadily 
so that the relative attack angle keeps about α = 11.5deg. This value of α agreed well with the value of α in 
Fig. 4-2 where the sign of Cz was inverted at s/d = 0.4. This agreement shows that the rotational speed is 
determined so that Cz becomes zero when the single circular cylinder blade rotates freely due to the 
mainstream when the load, such as frictional resistance by the ball bushing, is negligibly small. The single 
circular cylinder blade began to rotate steadily and independently at s/d = 0.35, and n decreased 
monotonically with the increasing of s/d. This result shows that s/d = 0.35 is the critical condition that the 
force acts in the rotational direction by the LV, and the value of α where Cz = 0, changes with s/d. This 
critical condition s/d = 0.35 is also the condition for the formation of NV, as shown in Fig. 1-15 in 
Subsection 1.2.3. Therefore, the driving force for rotation of the single circular cylinder blade is provided 
by the lift force of the NV. 
The terminal rotational speed of the single circular cylinder blade was measured for a stepwise increase 
in the flow velocity U with an optimum gap ratio of s/d = 0.35 under un-loaded conditions. The relationship 
between U and n is shown in Fig. 4-4. In addition, the relationship between the relative attack angle α and 
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U is shown in Fig. 4-5. The relationship between U and n did not pass through the origin as shown in Fig. 
4-4, but n increased linearly with the increase in U after the start of rotation (cut-in). The result shows up 
to U = 12m/s, but this linear relationship continued until U = 35m/s, which is the limit of the measurement 
system of wind tunnel, in subsequent experiments. The fact that this line of U and n does not pass through 
the origin is thought to be due to the initial load of the experimental apparatus caused by mechanical friction 
such as the ball bushings. Considering the change of the flow velocity Umin in which the wind turbine starts 
rotation caused by the mechanical friction, the converted relative attack angle α' was calculated from the 
relationship between n and the converted flow velocity U' (= U-Umin) at which the wind turbine starts a 
steady rotation from U ≥ 0. The value of α' shown in Fig. 4-5 was almost constant regardless of U and this 





4.3 Un-loaded and loaded experiments for prototype model 
Figure 4-6 again shows the relationship between the rotational speed n and the flow velocity U obtained 
in un-loaded experiments for the prototype model with the gap ratio of s/d = 0.35 shown in Fig. 4-4. Open 
symbol shows the experimental result at U = 10m/s and s/d = 0.35 shown in Fig. 4-3 and the solid line 
shows the calculation by the method proposed in Section 4.5. The cross symbols on the U-axis shows the 
velocity for starting of rotation, Ustart, calculated by the criterion given in Section 4.5. The single circular 
cylinder blade attained steady rotation at the minimum flow velocity of the wind tunnel, U ≃ 2m/s being 
much higher than Ustart, and n increased almost proportionally to U. 
Figure 4-7 shows the relationship between the load torque Tbrake and rotational speed n obtained through 
the loaded experiments at U = 10m/s for the prototype model with s/d = 0.35. The open symbol shows the 
experimental result of un-loaded experiments at U = 10m/s and s/d = 0.35 shown in Fig. 4-3 and the solid 
line shows the calculation by the method proposed in Section 4.5. In this figure, as well as in Figs. 4-9, 4-
10(b) and Fig. 4-13 for results of loaded experiments under various conditions, the maximum value of n at 
Tbrake = 0, nmax, and the result of un-loaded experiments (open symbol) agreed well each other. Hence, the 
mechanical friction by the torque meter and the electromagnetic brake is confirmed to be negligibly small. 
Tbrake increased linearly with the decrease of n and reaches maximum preceding the stopping of single 
circular cylinder blade rotation. The torque characteristics are similar to those of the Savonius wind turbines, 
which are drag type vertical axis wind turbines, as shown in Figs. 1-2 and 1-3. As described in the Section 
4.5, the relationship between the lift coefficient acting on the single circular cylinder blade CL and the tip 
speed ratio λ was predicted as shown in Fig. 4-19, based on this result of loaded experiments and the torque 
equilibrium acting on the steadily rotating single circular cylinder blade. The value of CL was almost zero 
at λ = λmax and increased linearly with decreasing λ, reaching a maximum at λ = 0. From the relationship 
between Cz and α shown in Fig. 4-2, when Cz is smaller than 0, the fluid force of the LV increased with 
decreasing α and a larger rotational force acted on the single circular cylinder blade. This phenomenon was 
well shown in the change of CL in Fig. 4-19. When the load is not applied by the electromagnetic brake and 
λ is at its maximum, Cz was zero, i.e., no rotational force was generated, and as the load increases and λ 







4.4 Influences of configuration factors on results of loaded and un-loaded experiments 
4.4.1 Gap ratio s/d 
Figure 4-8 shows the relationship between n and U when s/d is set at a certain value in the range 0.3 < s/d 
< 0.5 obtained through the un-loaded experiments. The open symbols show the experimental results 
obtained in Fig. 4-3 and the solid lines show the prediction by the method proposed in Section 4.5. The 
cross symbols on the U-axis show Ustart calculated in Section 4.5. The value of Ustart was 0.47-0.5m/s for 
s/d = 0.35-0.5, which was lower than the minimum flow velocity of the wind tunnel. At s/d = 0.3, the 
rotational oscillation was observed as U increases, but the single circular cylinder blade did not attain the 
steady rotation over the whole range of U in this experiment. At s/d = 0.35-0.5, the steady rotation was 
obtained at the minimum flow velocity U ≃ 2m/s, and n increased almost proportionally to U. Over the 
whole range of U, n took maximum at s/d = 0.35 and decreased with the increase of s/d. 
Figure 4-9 shows the relationship between Tbrake and n at U = 10m/s for s/d = 0.35-0.5 obtained through 
the loaded experiments. The solid lines show the relationship predicted by the calculation and the open 
symbols on the n-axis (Tbrake = 0) show the experimental results for respective values of s/d at U = 10m/s 
in Fig. 4-3. This relationship between Tbrake and n was almost linear at s/d = 0.35 as mentioned in Section 
4.3, but it deformed into slightly upward convex curve with the increase of s/d. Tbreak decreased over the 
whole region of n with the increase of s/d. [Tbrake]max and nmax decreased with the increase of s/d, while nmin 





4.4.2 Blade length ratio ltotal/d 
Figure 4-10 shows results of the un-loaded and the loaded experiments for the turbine with a blade longer, 
i.e., ltotal/d = 14, than that of prototype model wind turbine. Blue symbols show the experimental results of 
the prototype model (ltotal/d = 11) shown in Figs. 4-6 and 4-7 and the solid lines show the prediction by the 
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method to be proposed in Section 4.5. The cross symbol on the U-axis in Fig. 4-10(a) shows Ustart calculated 
in Section 4.5. While the prototype model attained terminal rotation at the lowest flow velocity of wind 
tunnel U ≃ 2m/s, the ltotal/d = 14 wind turbine remained n = 0 at this velocity, started rotating near U = 
3m/s and then n increased linearly with U remaining considerably smaller than n of the prototype model 
over the whole range of U as seen in Fig. 4-10(a). The calculated value of Ustart was larger than that of the 
prototype model shown in Fig. 4-6. The influence of cylinder blade length was more remarkable in the 
result of the loaded experiments at U = 10m/s as seen in Fig. 4-10(b). Tbrake for the longer blade was 
considerably smaller over the entire region of nmin < n < nmax. nmin was much larger than and nmax was much 
smaller than those of the prototype model, making the range of n for Tbrake > 0 quite narrower. 
 
 
Fig. 4-10 Influence of the cylinder blade length (s/d = 0.35, W/d = 1). Blue symbol: Prototype model (ltotal/d 
= 11), Red symbol: Long cylinder blade (ltotal/d = 14). 
 
 
4.4.3 Width ratio of ring-plate W/d 
Figure 4-11 shows the relationship between n and U obtained through un-loaded experiments using 
various width ring-plates with W/d = 0.75-3. The linear increase of n with U was observed for all W/d’s. 
The minimum flow velocity to sustain terminal rotation was U = 6m/s for W/d = 0.75, U = 3m/s for W/d = 
3, and lower than the minimum flow velocity of the wind tunnel U ≃ 2m/s for other W/d’s. Fig. 4-12 shows 
the relationship between W/d and n at U = 10m/s obtained from Fig. 4-11. The rotational speed n increased 
almost linearly as W/d increases from 0.75 to 1.75, took the maximum at W/d = 2, and gradually decreased 
as W/d increases at W/d ≥ 2.5. 
Figure 4-13 shows influence of the width ratio on the relationship between Tbrake and n at U = 10m/s by 
the loaded experiments. When 1.5 ≤ W/d ≤ 3, n decreased linearly with the increase of Tbrake and the value 
of Tbrake was considerably larger over the whole range of measurement compared with the case of the 
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prototype model (W/d = 1). nmax for these ring-plates was also quite larger than that of the prototype model, 
while nmin was slightly affected by W/d. In the case of W/d = 0.75, the value of Tbrake was much smaller than 
the other cases. nmin was remarkably larger and nmax was considerably smaller than those of the prototype 
model, resulting in a very narrow range of n for Tbrake > 0. The relationships between [Tbrake]max, nmin, nmax 
and W/d are shown in Fig. 4-14. [Tbrake]max increased rapidly at W/d = 0.75 to 1.25, took the maximum at 
W/d = 1.25, and decreased in the range of W/d = 1.25 to 3. While the plots for nmin were scattered and it was 
difficult to find a systematic dependence on W/d, although it seemed to take the maximum at W/d = 0.75. 
The tendency of dependence of nmax on W/d agreed well with that of n at U = 10m/s in un-load experiments 
shown in Fig. 4-12. The value of W/d which the maximum nmax obtained was larger than that which the 
maximum [Tbrake]max obtained. 
The above experimental results confirmed that the magnitude of the driving torque of NV strongly depends 
on W/d, and that [Tbrake]max corresponding to the output load torque became maximum at W/d = 1.25, 1.3 








4.4.4 Flange separation length ratio lF/d 
The influence of the flanges attached to the longer cylinder blade (ltotal/d = 14) was investigated through 
the un-loaded and the loaded experiments for the ring-plates with three selected values of W/d = 1, 1.5, and 
2, while keeping the gap ratio fixed at s/d = 0.35. The separation of two flanges in a pair, lF, was varied so 
as to make lF/d = 3-6, and they were arranged at ±lF/2 from the center radius of the ring-plate D/2. The 
value lF = 3d was the minimum estimation of the span wise length of NV at W/d = 1. Fig. 4-15 shows the 
relationship between n and U in un-loaded experiments and Fig. 4-16 shows the relationship between Tbrake 
and n at U = 10m/s in loaded experiments for W/d = 1 and the separation ratio lF/d = 3-6. In these figures, 
the experimental results without flanges indicated as lF/d = ∞ are also shown for comparison. The open 
symbols in Fig. 4-16 shows the results of the un-loaded experiments in Fig. 4-15 for respective values of 
lF/d. As seen in Fig. 4-15, the rotational speed n increased linearly with U as the case without flanges, and 
influence of the flanges were significant but not so large, i.e., n was maximum at lF/d = 4 over the whole 
velocity range of measurement. The influence of flanges on the relationship between Tbrake and n in the 
loaded experiments was remarkable as seen in Fig. 4-16. Although Tbrake was expressed as a linear 
decreasing function of n for all the values of lF/d, it was definitely larger than the case without flanges when 
lF/d = 4 and 5. [Tbrake]max and nmax were also enhanced by the flanges with these two values of lF/d, while 
nmin became lower by attaching the flanges for all the values of lF/d. 
In order to investigate influence of W/d on the effect of flanges, the loaded and un-loaded experiments for 
ring-plates with W/d = 1.5 and 2 were also conducted. These values of W/d were selected because n of 
unloaded experiments in Fig. 4-12 was maximum at W/d = 2 and [Tbrake]max in Fig. 4-14 was maximum at 
W/d = 1.5. Fig. 4-17 shows the relationship between n at U = 10m/s in un-loaded experiments and lF/d for 
the three values of W/d. The horizontal broken lines show the experimental results without flanges regarded 
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as lF/d = ∞. In the case of W/d = 1, although it was minimum at lF/d = 5.5 and maximum at lF/d = 4 slightly 
deviating from the horizontal line for lF/d = ∞, n depended on lF/d only slightly, being nearly equal to the 
value without flanges. In the case of W/d=1.5 and 2, the plots of n dropped around on the respective 
horizontal lines shown lF/d = ∞ at lF/d > 5.5-6, and n decreased rapidly with decreasing lF/d. 
In Figs. 4-18(a) and (b), [Tbrake]max, nmin and nmax obtained by loaded experiments shown in Fig. 4-17 are 
plotted against lF/d for the three values of W/d, where the broken lines show the experimental results for 
the case without flanges (lF/d = ∞). Fig. 4-18(a) shows that [Tbrake]max at W/d = 1 and 1.5 increased with 
decreasing lF/d from ∞ and reached the maximum value at a certain value of lF/d depending on W/d, and 
then decreased with the decrease of lF/d. These maximum values of [Tbrake]max were significantly larger than 
that without flanges, especially for the case W/d = 1. Fig. 4-18(b) shows that the flanges had an effect to 
decrease nmin. The tendency of dependence of nmax on lF/d in each W/d agreed well with that of n at U = 
10m/s in un-load experiments shown in Fig. 4-17. For W/d = 1.5 and 2, nmax and nmin decreased with the 
decrease of lF/d in a similar tendency. For W/d = 1, nmin became slightly lower when lF/d is smaller, but both 
nmax and nmin kept, generally speaking, almost constant value equal to those without flanges irrespective of 
lF/d. 
The effect of flanges was most remarkable with the combination of W/d = 2 and lF/d = 6.5, i.e. [Tbrake]max 
was 3.7 times larger and the rotational speed range was 2.2 times larger as compared without flanges at 
ltotal/d = 14 and W/d = 1. The value of [Tbrake]max and rotation range of this combination were 2.3 times and 
1.2 times respectively larger than those of the prototype model (W/d = 1, ltotal/d = 11). The effects of flange 
attachment are considered to be brought by separating the single circular cylinder blade into the NV forming 
region and the drag affected region, and, by blocking the secondary flow induced by the centrifugal force. 
The attachment of flanges is expected to be a promising technique for performance enhancement by 



















































































(b) nmax and nmin vs. separation ratio 
Fig. 4-18 Influence of flange separation ratio under loaded condition for each value of W/d (s/d = 0.35, 




4.5 Prediction method for rotational speed and load torque 
4.5.1 Equilibrium of torques acting on wind turbine 
When the circular cylinder blade rotates at a constant rotation speed at the loaded condition, the 
equilibrium of torques acting on the wind turbine is expressed by Eq. (4-1). 
2𝑇𝑁𝑉 = 2𝑇𝑑𝑟𝑎𝑔 + 𝑇𝑓𝑟𝑖𝑐 + 𝑇𝑏𝑟𝑎𝑘𝑒 (4 − 1) 
Here, TNV is the driving torque by the lift force of NV acting on one side of the circular cylinder blade, Tdrag 
is fluid resistance torque to the rotational direction acting on one side of the circular cylinder blade, Tfric, is 
the friction torque by the ball bushing, and Tbrake is the load torque added by the electromagnetic brake. 
Applying the equation proposed by Kato et al., (2012) [1] for the lift force FNV of NV, TNV is written as 




2 ∗ 𝑟𝑁𝑉  , (4 − 2) 
where ρ is the density of air, CL is the lift coefficient of FNV, lNV is the span wise length of the forming region 
of NV on the circular cylinder blade, and rNV is the distance to the point of application of FNV from the 
rotation axis. The drag force Fdrag is assumed to be proportional to the product of the dynamic pressure 
defined by the rotational velocity V and the frontal area expressed as d * ldrag. Here, ldrag is the span wise 
length of the area where the drag is acting on one side of the circular cylinder blade. Thus, Tdrag is written 
as  




2 ∗ 𝑟𝑑𝑟𝑎𝑔  . (4 − 3) 
The representative velocity V is defined as the rotational velocity at the point of application of Fdrag 




 . (4 − 4) 
Note that the physical meanings of lNV, ldrag and V are definite, but their definitions are more or less arbitrary. 
The results of loaded experiments showed that frictions of the torque meter and the electromagnetic brake 
with zero load setting are negligible. Hence, the friction torque Tfric comes from the friction at the ball 
bushing and then is given by Eq. (4-5). 
𝑇𝑓𝑟𝑖𝑐 = 𝐹𝑓𝑟𝑖𝑐 ∗ 𝑟𝑠ℎ𝑎𝑓𝑡 = 𝜇𝑚𝑔 ∗ 𝑟𝑠ℎ𝑎𝑓𝑡  , (4 − 5) 
where μ is the friction coefficient of the ball bushing, m is the mass of the rotating shaft and circular cylinder 
blade, g is the gravitational acceleration, and rshaft is the radius of the driving shaft. The nominal value of μ 
= 0.002 both for static and dynamic conditions [4]. Therefore, Tfric has a constant value regardless of the 
flow velocity U and the rotational speed of the circular cylinder blade n. 
 
 
4.5.2 Estimation of lift and drag coefficient using results of loaded experiments 
Generally speaking, CL, lNV, and rNV in Eq. (4-2) and CD, ldrag, and rdrag in Eq. (4-3) are considered to be 
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dependent on λ. The present authors conducted numerical simulation on a two cylinder blades wind turbine 
essentially equivalent to the prototype model of this study [3]. Fig. 4-19 shows the relationship between CL 
and λ (= V/U) obtained by this simulation, where lNV and rNV in Eq. (4-2) are defined as 




 . (4 − 7) 
This relationship is approximated by a linear function of λ as Eq. (4-8), 
𝐶𝐿 = 𝐶𝑙𝑎 − 𝐶𝑙𝑏𝜆 , (4 − 8) 
where the value of Cla and Clb are determined as Cla = 0.901 and Clb = 3.68 by the least-square method. 
In this chapter, it is assumed that Eq. (4-8) commonly applies to all the conditions and the values of above 
constants are determined by using the data of Tbrake vs. n of the loaded experiments as follows. 
The relationship between Tbrake and n is approximated by a linear function and the value of Tbrake at n = 0 
([Tbrake]n=0) is obtained by the extrapolation. Since Tdrag = 0 and λ = 0 at n = 0, Eq. (4-9) leads 
2[𝑇𝑁𝑉]𝜆=0 = [𝑇𝑏𝑟𝑎𝑘𝑒]𝑛=0＋𝑇𝑓𝑟𝑖𝑐  . (4 − 9) 
[TNV]λ=0 at the flow velocity U is determined from the result of loaded experiment in Fig. 4-7 and Tfric is 
estimated by Eq. (4-5). By applying this value of TNV to Eq. (4-2), together with using Eqs. (4-6) and (4-7), 
the value of CL at λ = 0, i.e., Cla in Eq. (4-8), is obtained. For the case of prototype model with s/d = 0.35, 
[TNV]λ=0 determined from the data in Fig. 4-7 and the experimental conditions in Table 2-1 lead 
𝐶𝑙𝑎 = [𝐶𝐿]𝜆=0 = 0.92 . (4 − 10) 
Since this value of Cla is very close to that obtained by the above-mentioned numerical simulation, the value 
of Clb is assumed also to be equal to that of numerical simulation, because there is no other way at the 
present stage. Thus, Eq. (4-8) is rewritten as 
𝐶𝐿 = 0.92 − 3.68𝜆 (4 − 11) 
for the prototype model with s/d = 0.35. The two functions for CL are compared in Fig. 4-19, showing good 
agreement between them. 
The value of CD is determined by the following procedure using Eq. (4-11). When Tbrake = 0, Eq. (4-1) gives 
𝑇𝑑𝑟𝑎𝑔 = 𝑇𝑁𝑉 −
1
2
𝑇𝑓𝑟𝑖𝑐  . (4 − 12) 
Here, TNV is calculated by Eqs. (4-2), (4-6), (4-7) and (4-11) since λ at Tbrake = 0 is determined from nmax in 




(4 − 13) 




− 𝑙𝑁𝑉  . (4 − 14) 
By assuming that lNV = 3d as Eq. (4-6), the following value of CD is obtained for the prototype model. 
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𝐶𝐷 = 2.73 . (4 − 15) 
The above value of CD is quite larger than the drag coefficient of a single circular cylinder in uniform flow. 
This is because: 1) the representative velocity V defining CD is lower than the velocity near the tip-end, 2) 
the effect of tip-end of single circular cylinder blade is neglected, and 3) the definition of the span wise 
length of acting region of drag force on the single circular cylinder blade (ldrag) depends on lNV which is 
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Fig. 4-19 Lift coefficient vs. velocity ratio by experimental estimation compared with numerical result. 
 
 
4.5.3 Prototype model 
The relationship between n and Tbrake of loaded experiment at U = 10m/s calculated by the expressions 
and values for CL and CD given in Subsection 4.5.2 is presented in Fig. 4-7 compared with the measurement 
result. The relationship between U and n of un-loaded test is also calculated and shown in Fig. 4-6 to 
compare with the measurement, where the flow velocity Ustart at which the single circular cylinder blade 
starts rotating is calculated by applying the criterion 
2𝑇𝑁𝑉 ≥ 𝑇𝑓𝑟𝑖𝑐 = 𝜇𝑀𝑔 ∗ 𝑟𝑠ℎ𝑎𝑓𝑡  . (4 − 16) 
The good agreement between the calculated and measured results in Figs. 4-6 and 4-7 indicates that the Eq. 
(4-8) and values of Cla, Clb, and CD are proper and appropriate. 
 
 
4.5.4 Gap ratio s/d 
It is considered that the lift coefficient CL depends strongly on s/d while the drag coefficient CD is affected 
only slightly by s/d. Therefore, it is assumed that Eq. (4-8) for the lift coefficient applies but values of the 
constants Cla and Clb are dependent on s/d and that the drag coefficient is equal to that of the case s/d = 0.35 
as given by Eq. (4-15). For a value of s/d, Cla and Clb are determined from the result of loaded experiments 
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by the following procedure. 
(1) Cla is determined from [Tbrake]n=0 by the same way as that for s/d = 0.35, where Eqs. (4-6) and (4-7) 
are applied for the representative values of lNV and rNV. 
(2) V and λ at Tbrake = 0 are calculated from nmax, defined as Vmax and λmax respectively. 
(3) Tdrag at Vmax is determined by Eqs. (4-3), (4-4) and (4-13) using CD = 2.73, and TNV at λmax is determined 
from TNV = Tdrag + (1/2)Tfric obtained by putting Tbrake = 0 in Eq. (4-1). 
(4) [CL]λ=λmax is calculated applying TNV thus determined to Eq. (4-2) using Eqs. (4-6) and (4-7). 
(5) Clb is determined by Cla and [CL]λ=λmax. 
In Fig. 4-20, Cla, Clb and λmax = Cla/Clb calculated by this procedure are plotted against s/d, where λmax 
obtained from nmax of the load experiments are also plotted for comparison. Although calculated value of 
λmax was larger than that obtained from the results of load experiments, the difference was only slight over 
the entire range of s/d. Cla was almost constant while Clb increased with the increase of s/d. Therefore, CL 
decreases with increasing s/d over the whole range of λ. The relationships between n and U under un-loaded 
condition, and between Tbrake and λ under loaded condition were calculated for each value of s/d by applying 
Cla and Clb in Fig. 4-20. The results are shown in Fig. 4-8 and Fig. 4-9 as the solid lines. For the relationship 
between n and U in Fig. 4-8, the calculated values agreed well with the experimental results for all s/d. The 
flow velocity Ustart at which the single circular cylinder blade starts rotating was calculated by Eq. (4-16) 
using CL at λ = 0, i.e., Cla shown in Fig. 4-20. The agreement was fairly well also for the relationship 
between Tbrake and n in Fig. 4-9, but deviation of the calculated curve from the experimental value became 
more significant in the middle range of n when s/d is larger. 
The good agreement between the experimental results and the prediction values by calculation for various 
s/d proves that the assumptions for FNV and Fdrag are reasonable. 
 
 








































4.5.5 Blade length ratio ltotal/d 
When the single circular cylinder blade is longer while using the same ring-plate with the equal gap ratio, 
i.e., W/d = 1 and s/d = 0.35, Fdrag increases because the region exposed to the drag force becomes larger, 
and the rotational velocity near the tip of single circular cylinder blade becomes higher and the tip end 
induces larger additional resistance. While influence of blade length on the lift force FNV is not clear but 
considered to be significant because of increase of secondary flow due to centrifugal force. Therefore, the 
values of constants in Eq. (4-8) for CL and CD for the longer cylinder blade (ltotal/d = 14) are determined by 
applying the same procedure to the result of the loaded experiments in Fig. 4-7 as applied for the prototype 
model with s/d = 0.35. As the result, CL = 0.74-3.68λ and CD = 8.1 were obtained for the lift and the drag 
coefficient of the ltotal/d = 14 cylinder blade. Comparing the values of these coefficients with the respective 
counterparts of the prototype model given by Eqs. (4-11) and (4-15), CD was three times larger for the 
longer blade while CL was a slightly smaller. The relationships between n and U under un-loaded condition, 
and, between Tbrake and n under loaded condition were calculated by using the above values for the 
coefficients, and the results are shown in Figs. 4-10(a) and (b) as the solid lines. Good agreement between 
the calculated and measured results was obtained both for the un-loaded and the loaded experiments. The 





4.6 Evaluation of performance 
4.6.1 Influence of gap ratio on the performance of prototype model 
In order to evaluate the efficiency of the wind turbine, the power coefficient Cp for converting the wind 




 , (4 − 17) 
where ω (= 2πn/60) is the angular velocity of the driving shaft and A (= πltotal2/4) is the swept area of the 
rotating cylinder blade. Another measure for the performance of wind turbine is the operation range of the 
velocity ratio given by λmin and λmax. 
Figure 4-21 shows the relationship between Cp and λ (= V/U) for the prototype model with s/d = 0.35 
obtained from the experimental results shown in Fig. 4-7, compared with the prediction calculated by using 
the prediction method. The maximum value of Cp ([Cp]max) was 0.0031 at λ (= λ[Cp]max) around 0.11, which 
is about 1/2 of λmax, the upper limit of the operation range of velocity ratio. The prediction agreed well with 
the measurement, showing the approximation of CL and CD are appropriate, although the predicted λ[Cp]max 
was slightly larger than the experimental value. 
In Fig. 4-22, the maximum power coefficient [Cp]max, λ [Cp]max, λmin and λmax are plotted against s/d, 
compared with the calculated predictions. There was no significant change in λmin while λmax decreases with 
the increasing of s/d, that is, the operation range of λ where Cp > 0 became narrower with the increasing of 
s/d. Both [Cp]max and λ[Cp]max decreased with the increasing of s/d. The prediction of [Cp]max was larger than 
the experimental result at s/d = 0.35, but was smaller than the experimental result at s/d = 0.45 and 0.5. The 
calculated value of λ[Cp]max was less than the experimental for all the cases of s/d. 
 
 
Fig. 4-21 Power coefficient vs. velocity speed ratio for prototype model, with s/d = 0.35 comparing 
















Fig. 4-22 Effect of the gap ratio on performance characteristics. 
 
 
4.6.2 Effect of width ratio of ring-plate 
Figure 4-23 shows the relationship between Cp and λ for the ring-plates with various width ratio with 
s/d=0.35 obtained from the result of the loaded experiments in Fig. 4-13. In Fig. 4-24, λmax, λmin, [Cp]max, 
and λ[Cp]max obtained from Fig. 4-23 are plotted against W/d. These figures show that the operation range of 
λ became wider by the increase of λmax with the increase of W/d and reached maximum at W/d=2, 1.6 times 
larger than that of the prototype model (W/d=1). There was no systematic change in λmin. Both [Cp]max and 





















Fig. 4-24 Effect of the width ratio on performance characteristics. 
 
 
4.6.3 Effect of flange separation length ratio 
Effect of the flanges attached to the longer cylinder blade is shown in Figs. 4-25 and 4-26, where the 
symbol for lF/d = ∞ is the result without flanges shown in Fig. 4-10(b). Fig. 4-25 shows the relationship 
between Cp and λ calculated from the results of the loaded experiments in Fig. 4-17 for various separation 
length ratios. There was no significant change of λmax over the measurement range of lF/d. λmin became 
maximum at lF/d = 4 but kept almost constant at lF/d ≥ 4. Therefore, the operation range of λ did not change 































Fig. 4-26 Effect of flange separation length ratio on performance characteristics of longer cylinder blade 





A prototype model of the single circular cylinder blade wind turbine was used to measure steady lift forces 
acting on the circular cylinder blade, and the relationship with the relative attack angle was clarified. The 
basic rotation and output torque, and performance characteristics of the cylinder blade wind turbine driven 
by longitudinal vortex (LV) were investigated through wind tunnel experiments, and the effects of several 
structural parameters were investigated for the development of a practical wind turbine in the future. The 
conclusions are summarized as follows. 
(1) The fluid force coefficient Cz acting on the single circular cylinder blade increased monotonically with 
the increase of the relative attack angle, which is geometrically determined by the moving velocity of 
single circular cylinder blade and mainstream velocity. When the gap ratio s/d between the single 
circular cylinder blade and the ring-plate is less than 0.35, Cz was positive regardless of α, and the 
rotation stopped by a force acting in a opposite direction that suppresses the rotation even after the 
initial motion was applied. When s/d is 0.35 or higher, Cz was negative in a given range of α and single 
circular cylinder blade accelerated in the rotating direction when an initial motion was given. The 
attack angle increased with the rotational speed and when Cz is reached 0, the acceleration became zero 
and the single circular cylinder blade rotated steadily. 
(2) The terminal rotational speed n of the free-rotating single circular cylinder blade for the increasing 
flow velocity U was determined to be a constant α in which Cz is 0 regardless of U. 
(3) The lift coefficient CL of NV was well approximated by a decreasing linear function of the velocity 
ratio λ, and the drag coefficient CD against the rotation was assumed to be constant by properly defining 
the span wise lengths of their acting region on the single circular cylinder blade. 
(4) By using CL and the drag coefficient CD determined from the result of loaded experiments, the 
relationships between n and U under un-loaded condition, and, between the power coefficient Cp and 
the velocity ratio λ were fairly well predicted for the widely varying conditions of this chapter. 
(5) The wide ring-plate and attachment of the flanges were shown to be promising technique to improve 
the performance of the wind turbine. At the present stage, the best performance of the wind turbines 
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5. Effect of blade configurations of the stepped circular 
cylinder blade wind turbine 
The optimum condition for the stepped circular cylinder blade wind turbine, which has a practical wind 
turbine configuration, is determined. The effect of the effective length l, number and diameter (N and d) of 
the stepped circular cylinder blade on the rotation, output torque, and performance characteristics are 
investigated based on the information obtained from the study of the single circular cylinder blade wind 
turbine shown in Chapter 4. By setting the effective length of the cylinder blade equal to the formation 
region of NV and reducing the diameter of the supporting rod between the effective part of the cylinder 
blade and driving shaft, the output torque and performance is considered to be improved. The driving force 
of NV acting per stepped circular cylinder blade is investigated by increasing of number of cylinder blades 
N. The effects of the blade pitch ratio t/d on each characteristic are extensively investigated by combining 




5.1 Experimental results and discussion 
5.1.1 Influence of effective length 
The un-loaded and the loaded experiments using the stepped circular cylinder blade wind turbine with 
blade number N = 2 are carried out for the effective blade lengths of l = 40-90mm (l/d = 2-4.5). The 
experimental results are compared with the cases of the single circular cylinder (Fig. 5-1(a)) and the single 
circular cylinder blade attached with a pair of flanges (Fig. 5-1(b)) presented in Chapter 4. The stepped 
circular cylinder blade with an effective length l ≃ lNV and the flange-attached single circular cylinder blade 
with a separation length lF = l are expected to show similar flow features such as: i) NV generating the lift 
force is formed without formation of TVs, ii) the secondary flow by the rotation is suppressed. The 
following differences between them should be taken into consideration: i) the diameter of the supporting 
part d' of the stepped circular cylinder blade is much smaller than the blade diameter d of the flanged 
circular cylinder blade, ii) the outer end of the stepped circular cylinder blade is cut off corresponding to 
outside the flange for the flanged circular cylinder blade. 
Figure 5-2 shows the relationship between the rotational speed n and the flow velocity U when the 
effective length is set at l = 40-90mm (l/d = 2-4.5) obtained through the un-loaded experiments for the 
stepped circular cylinder blade wind turbine with N = 2, d = 20mm. Solid black circles show the 
experimental result of the single circular cylinder blade wind turbine presented in Chapter 4 (ltotal/2 = 
140mm). The rotational speed n increased almost proportionally with the flow velocity U for all l, being 
larger than n of the single circular cylinder blade over the whole range of U where the steady rotation was 
obtained. The minimum flow velocity at which the steady rotation (minimum flow velocity for rotation: 
Umin) is obtained was Umin ≃ 4m/s for the shortest blade (l = 40mm, l/d = 2), and Umin ≃ 3m/s for all the 
others. For the single circular cylinder turbine, Umin was 3.3m/s. Fig. 5-3 shows the relationship between 
Umin and l obtained from Fig. 5-2. The broken line shows the result of single circular cylinder blade (Umin 
= 3.3m/s) and the blue symbols show the relationship between Umin and lF of the flanged circular cylinder 
blade. Umin of the stepped circular cylinder blade was Umin = 3.2m/s at almost l except Umin = 4.3m/s at l = 
40mm (l/d = 2). The value of Umin = 3.2m/s was almost the same as those for the single and flanged circular 
cylinder blade excluding lF = 90, 100mm (lF/d = 4.5, 5). Fig. 5-4 shows the relationship between n and l at 
U = 10m/s obtained from Fig. 5-2. The results of the single and flanged circular cylinder blade are also 
shown for comparison. A remarkable effect of the stepped circular cylinder blade to enhance the rotation 
speed was confirmed, i.e., n was about 1.6 times larger at l = 50mm (l/d = 2.5) than that of the single circular 
cylinder blade shown by the horizontal broken line. The relationship between n and lF deviated only slightly 
from that of the single circular cylinder blade, i.e., within ±10% from the horizontal broken line over the 
range of lF = 60-130mm (lF/d = 3.0-6.5). It is considered that the stepped circular cylinder blade with an 
optimum value of l/d, says 2.5-3, keeps the lift force by NV while largely reduces the fluid resistance force 
against rotation and/or the mechanical friction force as compared with the single circular cylinder blade. 
The experimental results in Fig. 5-4 corresponded well with the results of numerical simulation by the 
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present authors [1], where it was shown that the lift force by NV is maximum at l/d ≃ 3. Compared with 
the single circular cylinder blade wind turbine, the total length of the stepped circular cylinder blade is 
shorter, and the diameter of the supporting rod d' is smaller than d. These configurations reduced the drag 
force against rotation and contributed to the increase of n. The same effect is expected in the flanged circular 
cylinder blade by suppressing the secondary flow. However, since the attachment of the flanges and the 
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Fig. 5-2 Rotational speed vs. flow velocity through un-loaded experiments for stepped circular cylinder 







Figure 5-5 shows influence of l on the relationship between Tbrake and n at U = 10m/s obtained by the 
loaded experiments. The experimental results of the single circular cylinder blade (ltotal/2 = 140mm) are 
also shown for comparison. Tbrake of each l for the same n was larger than that of the single circular cylinder 
blade, and it was the largest at l = 60mm. The relationships of Tbrake and n were well approximated by linear 
functions with an almost equal gradient for all l. In Figs. 5-6, 5-7, and 5-8, [Tbrake]max, nmin, and nmax are 
plotted against l. The results of the single and flanged circular cylinder blade are also shown. [Tbrake]max of 
the stepped circular cylinder blade was larger than that of single circular cylinder and became maximum at 
l = 60mm, which was about 1.7 times larger. [Tbrake]max of the flanged circular cylinder blade was maximum 
at lF = 90mm (lF/d = 4.5) and it was about 30% larger than that of the stepped circular cylinder blade. The 
formation of TVs was prevented for both stepped and flanged circular cylinder blades. However, for stepped 
circular cylinder blade, when l ≥ 80mm, TVs were formed near the both tip-ends of the effective region and 
the lift force acting on the stepped circular cylinder blades reduced. As a result, the maximum value of 
[Tbrake]max and the corresponding lF for the single circular cylinder and flanged circular cylinder blade are 
considered to be larger than those for the stepped circular cylinder blade. nmin of the stepped and flanged 
circular cylinder blade was lower compared with the single circular cylinder blade. Since nmin indicates the 
rotational speed at which the driving force by NV is formed, the stepped circular cylinder blade made the 
rational speed for the stationary formation of NV lower than the single circular cylinder blade. However, 
the values of nmin were scattered and the systematic change with respect to l was not confirmed. The 
variation of nmax with l agreed well with the relationship between n and l at U = 10m/s shown in Fig. 5-4. 
This coincidence indicates that the friction torque of the torque meter and the brake is negligibly small 
when the load of the electromagnetic brake is set to 0. 
By using the results of Figs. 5-7 and 5-8, the maximum and the minimum velocity ratio were obtained by 










 , (5 − 2) 
where the representative radius R is defined as R = D/2. Then, the velocity ratio range over which the wind 
turbine operates λope was obtained as 
𝜆ope = 𝜆max−𝜆min . (5 − 3) 
Figure 5-9 shows the relationship between λope and l, compared with λope ~ lF of the flanged circular 
cylinder blade. λope of the stepped circular cylinder wind turbine was larger than that of singe and flanged 
circular cylinder blade, and reached maximum at l = 50mm, kept the same level at l/d = 2.5-3.5 and then 
decreased with the increase of l/d. 
Considering the results of the un-load experiment in Fig. 5-4 and the loaded experiment in Figs. 5-6 and 
5-9, the optimum effective length of the stepped circular cylinder blade was obtained in the range of l = 50-
60mm (l/d = 2.5-3, ltotal/2 = 102.5-107.5mm). In this study, the optimum effective length is assumed to be 
l/d = 3, and hence d = 20mm, d' = 6mm, l/d = 3 (l = 60mm) and ltotal/2 = 215 mm are used as the dimensions 


























Fig. 5-5 Load torque vs. rotational speed at U = 10m/s through loaded experiments for each value of 








5.1.2 Influence of blade number 
The un-loaded and the loaded experiments were carried out by using the stepped circular cylinder blade 
wind turbine with the optimum blade length determined in the preceding section l = 60mm (l/d = 3, ltotal/2 
= 107.5mm) and blade number of N = 2-12. 
Figure 5-10 shows the relationship between the rotational speed n and the flow velocity U when the blade 
number is set at N = 2-12 through the un-loaded experiments. Black solid circles show the experimental result 
of single circular cylinder blade wind turbine. n was almost proportional with U for all N. The minimum flow 
velocity for steady rotation was Umin ≃ 3m/s at N = 2, 4, and Umin ≤ 2m/s for the other N’s. Fig. 5-11 shows 
the relationship between n and N at U = 10m/s with the result of the single circular cylinder blade. n gradually 
increased with the increase of N. When the interference effect by the wake for the rotational motion is 
negligible, the driving torque TNV and the fluid resistance torque Tdrag acting on a stepped circular cylinder 
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blade are independent of N. Moreover, when the frictional torque per one blade (Tfric/N) is negligibly small or 
constant, n at U = 10m/s is expected to be constant. The gradual increase of n with N in Fig. 5-11 is considered 
to be caused by the interference effect and/or the decrease of Tfric/N. Fig. 5-12 shows the relationship between 
Umin and N obtained from Fig. 5-10 with the result of single circular cylinder blade (Umin = 3.3m/s). Comparing 
the results of the stepped circular cylinder blade with that of the single circular cylinder blade, it was almost 
equal for N ≤ 4, and was lower for N ≥ 6. The reason is considered as follows: The interference effect by the 
wake for rotational motion was stronger in large N and was weaker in small n. Hence, the driving torque acting 
on the turbine TNV at small n was proportional to N. On the other hand, since Tfric was proportional with the 
mass of turbine m, the increase of Tfric was not proportional to N. Since the condition for the steady rotation at 
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Fig. 5-10 Rotational speed vs. flow velocity at each value of effective blade length through un-loaded 
experiments at d = 20mm, l = 60mm, ltotal/2 = 107.5mm compared with single circular cylinder (d = 20mm, 






Figure 5-13 shows the influence of the blade number on the relationship between Tbrake and n at U = 10m/s 
in the loaded experiments using the stepped circular cylinder blade wind turbine with the optimum blade 
length l = 60mm (l/d = 3, ltotal/2 = 107.5mm). The experimental results of the single circular cylinder (ltotal/2 
= 140mm) are also shown for comparison. Tbrake decreased linearly with the increase of n for all N. For a 
fixed value of n, Tbrake was larger at larger N. The gradient of Tbrake reduction was smaller for N = 2 and 
larger for N = 6-12 than that of a single circular cylinder blade. The results of [Tbrake]max, nmin at [Tbrake]max, 
and nmax at Tbrake = 0 obtained from Fig. 5-13 are plotted against N with those of the single circular cylinder 
blade in Figs. 5-14, 5-15, and 5-16. [Tbrake]max for N = 2 was 1.6 times larger than that of the single circular 
cylinder blade and [Tbrake]max increased nearly proportionally with N when 2 ≤ N ≤ 8, then gradually 
decreased with N when 8 < N ≤ 12. The maximum value of [Tbrake]max at N = 8 was about 4.2 times larger 
than that at N = 2. 
In the stepped circular cylinder blade wind turbine, when the flow pattern around each cylinder blade is 
same, i.e., when there is no interference effect by the wake for the rotational motion, both TNV and Tdrag 
acting on per cylinder blade are independent on N, and therefore, the net driving torque of the wind turbine 
is considered to be proportional to N. Moreover, when Tfric is sufficiently smaller than [Tbrake]max and can be 
ignored at U = 10m/s, the torque equilibrium is estimated as Tbrake = (TNV-Tdrag)*N. The experimental results 
showed that the interference effect does not occur when N ≤ 8 and occurs when N > 8. The plots of nmin in 
Fig. 5-15 were scattered in nmin < 50rpm and were smaller than that of the single circular cylinder blade 
except N = 6 where a flaw in the experimental procedure may have occurred. As mentioned above, the 
interference effect is expected not to occur in N ≤ 8, and Tfric becomes smaller relative to the driving torque 
TNV which increases proportionally with the increasing N. Therefore, nmin is expected to decrease with N. 
This trend was observed in N ≤ 10, but nmin increased sharply at N = 12. The change in nmax agreed well 
with the relationship between N and n at U = 10m/s shown in Fig. 5-11. It proves that the friction torque to 
the rotation by the torque meter and the electromagnetic brake is negligibly small.  
From the results of Figs. 5-15 and 5-16, the operating velocity ratio λope at each N was obtained by the Eqs. 
(5-1) to (5-3) and the results are shown in Fig. 5-17. λope increased with the increase of N in N ≤ 10 and 
became maximum at N = 10 and decreased at N = 12. λope of the stepped circular cylinder blade was larger 


























Fig. 5-13 Load torque vs. rotational speed at U = 10m/s for each value of blade number through loaded 
experiments at d = 20mm, l = 60mm, ltotal/2 = 107.5mm, compared with single circular cylinder (d = 20mm, 






5.1.3 Influence of blade diameter 
The results of loaded and un-loaded experiments with different effective diameter d for the stepped circular 
cylinder blade wind turbine with effective l = 60mm and N = 2 are shown. Note that the values of l/d and 
W/d vary with d at constant l = 60mm and W = 20mm in these experiments. When the gap ratio is constant 
at s/d = 0.35, the geometric similarity of the cross-sectional diameter of NV to the cylinder diameter d is 
kept, as shown in the visualization results in Chapter 3. 
Figure 5-18(a) shows the relationship between s/d and n for each blade diameter d at a constant flow 
velocity U = 12m/s. The stepped circular cylinder blade suddenly started rotating at certain s/d in all d. The 
critical condition for the gap ratio of d = 20mm for the single circular cylinder blade wind turbine was s/d 
= 0.35 as shown in Chapter 4, whereas the critical condition of s/d for the stepped circular cylinder blade 
wind turbine decreased with increasing d. With an increase in d, the periodicity of NV is considered to be 
lost at small s/d. The stepped circular cylinder blades rotate at least over s/d = 0.25 at all d. This indicates 
clearly that the stepped circular cylinder blades were driven by the lift force of NV. 
Figure 5-18(b) shows the relationship between U and n in un-loaded experiments in each d. The gap ratio 
was set to s/d = 0.35 based on the visualization results shown in Chapter 3 in order to keep the geometric 
similarity of the cross-sectional diameter of NV to the blade diameter d. Similar to the results of the l and 
N changes described above, n increased lineally with the increase in U in all d. The relationship between 
Umin and d obtained from the experiments in Fig. 5-18(b) is shown in Fig. 5-19. Umin had a minimum at d 
= 20 and 25mm of Umin ≃ 3m/s and a maximum at d = 28 and 30mm of Umin ≃ 6m/s. Umin tended to 
increase in large diameters of d = 28 and 30mm but systematic change was not observed. As a result of the 
flow visualization experiments described in the Chapter 3, the size of NV formed at the intersection of the 
cylinder blade and the ring-plate (DV) increased with increasing d at a constant s/d = 0.35, which was 
expected to increase TNV acting on the stepped circular cylinder blade. However, at the same time, the 
formation of NV becomes unstable (SD) with increasing d, which may indicate that TNV becomes unstable. 
In addition, Tfric to the rotational motion increases proportionally to the mass of the entire stepped circular 
cylinder blade, m, and Tfric increases with increasing d. From the above changes in TNV and Tfric, it is 
considered that the minimum flow velocity Umin, which satisfies the condition TNV ≥ Tfric/N for steady 
rotation, tended to increase with d. Fig. 5-20 shows the relationship between d and n at a constant flow 
velocity U = 10 and 12m/s in the un-load experiments. In order to evaluate the repeatability of the rotational 
speed for each d, the result for s/d = 0.35 in the relationship between n and s/d in Fig. 5-18(a) is also shown. 
The significant difference between the two results at U = 12m/s was not confirmed for each d, which 
indicates that the rotational speed at un-loaded has well repeatability for both d. n was maximum at d = 
30mm and minimum at d = 23mm, but systematic change was not observed. At N = 2, the interference 
effect by the wake related to rotation did not occur on the stepped circular cylinder blades at all d, and the 
instability of NV formation was eliminated by increasing U and TNV became stable. Therefore, for U = 10 
and 12m/s, since TNV and Tdrag acting per stepped circular cylinder blade increased in proportion to the 
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Figure 5-21 shows the relationship between n and Tbrake of the stepped circular cylinder blade wind turbine 
with l = 60mm, N = 2, d = 20-30mm, and U = 10m/s. n increased with the decrease in Tbrake for all d. The 
maximum load torque [Tbrake]max at each d was maximum at d = 25mm and minimum at d = 28mm. The 
rotational speed when [Tbrake]max is obtained (nmin) was less than nmin < 50 rpm for d = 20 and 25mm where 
[Tbrake]max was higher, but the nmin for d = 30mm was about 5 times higher than that for d = 20 and 25mm. 
[Tbrake]max, the rotational speeds nmin at [Tbrake]max, the rotational speed nmax at Tbrake = 0, and λope calculated 
by Eq. (5-1)-(5-3) are plotted against d in Figs. 5-22-5-25. As mentioned above, [Tbrake]max was maximum 
at d = 25mm and minimum at d = 28mm, and the difference between these results was about 10 times. The 
systematic change in [Tbrake]max was not confirmed with respect to the change in d. nmin tended to increase 
with increasing d except d = 25mm. This tendency means that the minimum rotational speed at which NV 
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is formed increases with increasing d. In order to compare the experimental results with the minimum 
rotational speed at which NV is steadily formed in the un-load condition, the rotational speed at Umin in Fig. 
5-18(b) is also shown in Fig. 5-23. n was less than 50rpm at d = 20 and 25mm, and nmin and n at Umin for 
these were well agreed. That is, the NV is formed steadily at small n in both un-loaded and loaded condition 
at d = 20 and 25mm. On the other hand, at d = 23, 28, and 30mm, both nmin and n at Umin were larger than 
the results for d = 20 and 25mm, indicating that the minimum rotational speeds in which NV is formed 
steadily was larger in both the loaded and un-loaded conditions. Also, nmin was larger than n at Umin for 
these d. 
Assuming that TNV increases proportionally with d at s/d = 0.35 and that the formation of NV is stable 
throughout the loaded experiments at all d and that Tfric is negligibly small compared to [Tbrake]max, [Tbrake]max 
increases proportionally with the increasing d. In the actual loaded experiments, the decrease in n caused 
instability in the formation of NV at large d, and this instability of NV caused sudden stop of the steady 
rotation during the loaded experiments at d = 23, 28, and 30mm. However, the exact reason for the sudden 
stop of rotation at d = 23mm, while the continuous rotation was observed to the small speed below 50 rpm 
at d = 25mm, is unknown. The change in nmax was in good agreement with the relationship between d and 
n at un-loaded experiments in U = 10m/s shown in Fig. 5-20. λope of each d was λope ≃ 0.2 at d = 20 and 
























Fig. 5-21 Load torque vs. rotational speed at U = 10m/s for each value of blade diameter through loaded 






Figure 5-26 shows the relationship between U and n in un-loaded experiments in each d at N = 4 and l = 
60mm. Similar to the results of N = 2, n increased lineally with the increase in U in all d. The relationship 
between Umin and d is shown in Fig. 5-27. Similar to the results of N = 2, systematic change of Umin was 
not observed. Fig. 5-28 shows the relationship between d and n at U = 10m/s in the un-load experiments. n 
was maximum at d = 30mm and minimum at d = 20mm, but systematic change was not observed, and the 
rotational speed increased between 300-400rpm in all d ranges. The interference effect by the wake related 
to rotation did not occur at all d in N = 4 and the instability of NV formation was eliminated by increasing 
U, and TNV became stable. Therefore, since TNV, Tdrag, and Tdrag acting per stepped circular cylinder blade 
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Fig. 5-26 Rotational speed vs. flow velocity at each value of blade diameter through un-loaded experiments. 




Figure 5-29 shows the relationship between n and Tbrake of the stepped circular cylinder blade wind turbine 
with l = 60mm, N = 4, d = 20-30mm, and U = 10m/s. n increased with the decrease of Tbrake for all d. The 
maximum load torque [Tbrake]max at each d was maximum at d = 25mm and minimum at d = 30mm. The 
rotational speed when [Tbrake]max is obtained nmin was less than nmin < 50 rpm for d = 20 and 25mm, where 
[Tbrake]max was higher, but the nmin for d = 30mm was about 6-10 times higher than that for d = 20 and 25mm. 
[Tbrake]max, the rotational speeds nmin at [Tbrake]max, the rotational speed nmax at Tbrake = 0, and λope calculated 
by Eq. (5-1)-(5-3) are plotted against d in Figs. 5-30-5-33. [Tbrake]max was maximum at d = 25mm and 
minimum at d = 30mm, and the systematic change in [Tbrake]max was not confirmed with respect to the 
change in d. The systematic change in nmin was also not confirmed with respect to the increasing of d as 
shown in Fig. 5-31. Comparing these nmin with n at Umin in the un-loaded condition shown in Fig. 5-26, nmin 
were larger about 100rpm than n at Umin at d = 23, 28, and 30mm. 
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In the condition of N = 4, as same as N = 2, it is considered that the decrease in n caused the instability of 
formation of NV under large d conditions, and this instability of NV caused the sudden stop of the steady 
rotation during the loaded experiments at d = 23, 28, and 30mm. The change in nmax shown in Fig. 5-32 
was in good agreement with the relationship between d and n at un-loaded experiments in U = 10m/s shown 
in Fig. 5-28. λope of each d was λope > 0.2 at d = 20 and 25mm and λope ≃ 0.1 at other d = 23, 28 and 30mm, 





















Fig. 5-29 Load torque vs. rotational speed at U = 10m/s for each value of blade diameter through loaded 








Figure 5-34 shows the relationship between U and n in un-loaded experiments in each d at N = 8 and l = 
60mm. n increased lineally with the increase in U in all d. The relationship between Umin and d is shown in 
Fig. 5-35. It was Umin ≃ 2m/s in all d. This indicates that the rotation started at the lower flow velocity than 
the minimum wind speed of the wind tunnel, and exact minimum velocity for the start of rotation was 
obtained. For N = 2 and 4, the minimum velocity Umin, which satisfies the condition TNV ≥ Tfric/N for steady 
rotation, tended to increase with d due to the instability of NV in small U and large d. At N = 8, Umin was 
almost constant for all d, indicating that TNV and Tfric increased in proportion to the increase in d. As the 
pitch between stepped circular cylinder blades decreased with the increase of N, only the region for the 
formation of NV and suction flow occurred in the spacing between two blades, as shown in the visualization 
in Chapter 3 (Fig. 3-3(b)). As a result, the formation of NVs is considered to be stable at low flow velocities 
for N = 8. Fig. 5-36 shows the relationship between d and n at a constant flow velocity U = 10m/s. The 
rotational speed shifted in the range of 340-400 rpm for all d. This means that TNV and Tdrag acting per 
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Fig. 5-34 Rotational speed vs. flow velocity at each value of blade diameter through un-loaded experiments. 





Figure 5-37 shows the relationship between n and Tbrake of a stepped circular cylinder blade wind turbine 
with l = 60mm, N = 8, d = 20-30mm, and U = 10m/s. n increased with the decrease of Tbrake for all d. The 
maximum load torque [Tbrake]max at each d was maximum at d = 25mm and minimum at d = 20mm. The 
rotational speed nmin when [Tbrake]max is obtained was close to zero for all d. [Tbrake]max, the rotational speeds 
nmin at [Tbrake]max, the rotational speed nmax at Tbrake = 0, and λope calculated by Eq. (5-1)-(5-3) are plotted 
against d in Figs. 5-38-5-41. As shown in Fig. 5-38, [Tbrake]max increased in the range of 20 ≤ d ≤ 25mm and 
decreased in the range of 25 ≤ d ≤ 30mm. nmin shown in Fig. 5-39 remained constant around 15rpm in the 
range of 20 ≤ d ≤ 28mm but increased rapidly to around 40rpm at d = 30mm. These nmin are compared with 
n at Umin in the un-loaded experiments shown in Fig. 5-34. nmin was less than n at Umin for all d, although it 
was suggested that the stepped circular cylinder blade rotates at the smaller flow velocity than that of the 
wind tunnel specification of U = 2m/s and exact n at Umin was not obtained. These values of nmin and n at 
Umin showed that the minimum rotational speed for the steady formation of NV was decreased by the 
multiple-blade design. 
In the visualization of NV at d = 28mm and N = 8 shown in Chapter 3, the formations of NV from the 
cylinder blade forward of the rotational direction and the suction flow toward the rear cylinder blade were 
observed to occur side by side. The interference between NV formation and suction flow was not observed 
in the visualization. However, the formation of NV and suction flow occurred in a narrower range, which 
may have reduced the lift force although the NV is formed steadily. It is considered that [Tbrake]max decreased 
at large d as the results. The change in nmax was in good agreement with the relationship between d and n at 
un-loaded condition in U = 10m/s shown in Fig. 5-36. λope of each d was λope ≃ 0.25-0.3 for all d. The 
results show that the operating range of the stepped circular cylinder blade wind turbine with N = 8 is 
























Fig. 5-37 Load torque vs. rotational speed at U = 10m/s for each value of blade diameter through loaded 






Figure 5-42 shows the relationship between U and n in un-loaded experiments in each d at N = 10 and l = 
60mm. n increased lineally with the increase in U at d = 20, 23, 25mm, and rapidly increased in the range 
of U ≥ 9m/s at d = 28, 30mm. The relationship between Umin and d is shown in Fig. 5-43. It was Umin ≃ 
2m/s in all d and this indicates that the rotation started at the lower flow velocity than the minimum flow 
velocity of the wind tunnel. Fig. 5-44 shows the relationship between d and n at U = 10m/s. n was almost 
constant around 370 ≤ n ≤ 390rpm at d = 20, 23, 25mm, and around n = 470rpm at d = 28, 30mm. These 
results suggest that some effects of high rotation on the stepped circular cylinder blades occurs at high flow 
velocity of d = 28 and 30mm in addition to the interference effect by the wake for the rotational motion, 
and the drag coefficient of fluid resistance for rotation CD, which determines the fluid resistance torque 
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Fig. 5-42 Rotational speed vs. flow velocity at each value of blade diameter through un-loaded experiments. 






Figure 5-45 shows the relationship between n and Tbrake of the stepped circular cylinder blade wind turbine 
with l = 60mm, N = 10, d = 20-30mm, and U = 10m/s. n increased linearly with the decrease of Tbrake over 
the entire measurement range of n for d = 20, 23, 25mm, but the gradient of Tbrake of d = 28 and 30mm 
differed between nmax-350rpm and 350rpm-nmin. The rotational speed at which the gradient changes n≃
350rpm coincided with n just before that the sudden increase occurred at d = 28 and 30 mm in the 
relationship between U and n shown in Fig. 5-42. The maximum load torque [Tbrake]max was maximum at d 
= 28mm and minimum at d = 30mm. The systematic change in nmin, in which [Tbrake]max is obtained, was 
not observed. [Tbrake]max, nmin, nmax, and λope are plotted against d in Figs. 5-46-5-49. As shown in Fig. 5-46, 
[Tbrake]max was maximum at d = 28mm and minimum at d = 30mm, but the systematic change with the 
increase in d was not confirmed. nmin shown in Fig. 5-47 also did not show the systematic change with the 
increase in d. These nmin are compared with n at Umin in the un-loaded experiments shown in Fig. 5-42. nmin 
was about 70rpm higher at d = 30mm, but nmin was equal to or lower than n at Umin other d. These 
comparisons suggest that the formation of NVs is stable at small U at N = 10, although the interference 
effect by the wake for the rotational motion occurs for all d. Some effect of high rotation of the cylinder 
blade and the interference effect may cause the decrease of TNV in the high flow velocity range from around 
U ≥ 9m/s at d = 28 and 30mm, and in the high rotational speed range above n = 350rpm. The change in nmax 
was in good agreement with the relationship between d and n at un-loaded experiments in U = 10m/s shown 
in Fig. 5-44. λope shown in Fig. 5-49 corresponded well to the increase or decrease in [Tbrake]max for d shown 






















Fig. 5-45 Load torque vs. rotational speed at U = 10m/s for each value of blade diameter through loaded 







5.1.4 Influence of pitch ratio of cylinder blades 
The effect of the pitch ratio t/d, which was determined by dividing the pitch t between adjacent cylinder 
blades on the ring-plate diameter by the cylinder blade diameter d shown in Fig. 5-50, on the rotation and 
output torque characteristics was investigated. The experimental results for varying d at each N shown in 
the previous section are converted into a change in t/d. The pitch t between adjacent cylinder blades on the 





(5 − 4) 
Figure 5-51 shows the relationship between t/d and n under un-load experiments at U = 10m/s. n increased 
gradually with the decrease in t/d in a wide range of t/d ≥ 1.5, although there is some variation across the 
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entire range. n increased rapidly within the narrow range of t/d < 1.5. These results show that the 
interference effect due to the wake of the rotational motion of the stepped circular cylinder blade and the 
effect of high rotation occur in the region of t/d < 1.5. 
Figire 5-52 shows the relationship between [Tbrake]max and nmin with respect to t/d at U = 10m/s. The 
systematic change in [Tbrake]max for t/d was not observed in the range of t/d ≥ 2.5 where N = 2 and 4. On the 
other hand, in the range of t/d ≤ 2.5, [Tbrake]max increased with the decrease in t/d, reached a maximum 
around t/d = 1.5 and then decreased sharply, with unsystematic effect of t/d on nmin. The variation of nmin 
and [Tbrake]max in the range of t/d ≥ 2.5 is considered to be attributed to the instability of TNV values due to 
the occurrence of instability of NV formation. In a very narrow range of 1.5 ≤ t/d ≤ 2.5, the lift force by the 
NV acting on each stepped circular cylinder blade was stable, but in 1.5 ≤ t/d, the lift force reduced by the 
interference effect. 
The effects of the conditions of t/d, flow velocity and rotational speed on the experimental results are 
summarized as below. In the un-loaded experiments, the formation of NV is unstable at small flow velocities 
and small notational speeds in many t/d, and the lift force by the NV is also unstable. This causes the 
variation of Umin. In the range of t/d ≤ 1.5, the effect of the interference effect due to the wake of the 
rotational motion of the cylinder blade and the effect of high rotation cause the decrease of drag coefficient 
for rotating direction CD. This decrease in CD reduces the fluid resistance torque Tdrag, and the rotational 
speed increases rapidly based on the equilibrium of the torques in Section 4.5. In the loaded experiments at 
U = 10m/s, the formation of NV becomes unstable with decreasing rotational speed by the increasing of 
the load at t/d ≥ 2.5, and the rotation may stop suddenly. Due to this phenomenon, [Tbrake]max does not change 
systematically. [Tbrake]max decreases rapidly at t/d ≥ 1.5 due to the effect of interference and the decrease in 
lift force, although the rotational speed is small, and the formation of NV is stable. 
 
 




















Fig. 5-51 Rotational speed vs. pitch ratio at U = 10m/s categorized by blade number (W = 20mm, s/d = 0.35, 
l = 60mm). 
 
 





5.2 Evaluation of the lift coefficient 
The maximum driving torque (static torque) [TNV]max by the NV and the lift coefficient Cla (see Fig. (4-8)) 
acting per stepped circular cylinder blade are obtained by approximating the results of loaded experiments 
as a linear function for each l, N and d. In the actual loaded experiments, the instability of the formation of 
NV with the decrease in the rotational speed caused the suddenly stop of the steady rotation without 
reaching n close to zero. But in this section, it is assumed that NV forms steadily even at small rotational 
speed under all conditions, and [TNV]max and Cla are calculated assuming that the relationship between n and 
Tbrake is completely linear. The equilibrium of the torques acting in the rotational direction of the stepped 
circular cylinder blade is expressed as follows Ep. (5-5), in the loaded experiments in which the load torque 
is applied to the driving shaft of the wind turbine by electromagnetic brakes. 






(5 − 5) 
The relationship between n and Tbrake, which was obtained by loaded experiments at U = 10m/s, was almost 
linear in most cases. This relationship is approximated by a linear function, and the Tbrake at n = 0 ([Tbrake]n=0) 







(5 − 6) 
Tfric in each condition is given by Eq. (5-7). 
𝑇𝑓𝑟𝑖𝑐 = 𝜇𝑚𝑟𝑠ℎ𝑎𝑓𝑡 = 𝜇(𝑚𝑠ℎ𝑎𝑓𝑡 + 𝑁𝑚𝑏𝑙𝑎𝑑𝑒)𝑟𝑠ℎ𝑎𝑓𝑡 (5 − 7) 
Where μ (= 0.002) is the coefficient of friction, mshaft is the weight of the driving shaft and hub, mblade is the 
weight of a stepped circular cylinder blade, and rshaft is the radius of the driving shaft. The maximum driving 
torque [TNV]max at n = 0 is calculated by using the value of [Tbrake]n=0 obtained by the above procedure and 





2𝑟𝑁𝑉 (5 − 8) 
Where lNV is the spanwise length of the forming region and rNV is the distance of the point of application of 
the NV from the driving shaft. 
 
 
5.2.1 Effective length ratio l/d 
Figure 5-53 shows the changes in [TNV]max and Cla with respect to the effective length ratio l/d of the 
stepped circular cylinder blade with N = 2 and d = 20mm. Since the optimum length of the forming region 
was determined to l = lNV = 60mm (l/d = 3), lNV is set to l at l/d = 2, 2.5 (l = 40, 50mm) and 60mm at l/d = 
3-4.5 (l = 60-90mm). [TNV]max and Cla reached maximum at l/d = 3 and l/d = 2.5, respectively. Since there 
is no significant difference between these l/d which [TNV]max and Cla reach the maximum, the NV is formed 




Fig. 5-53 Calculation results of maximum driving torque and lift force coefficient in each effective length 
ratio of stepped circular cylinder blade at N = 2, d = 20mm, W = 20mm. 
 
 
5.2.2 Blade number N 
Figure 5-54 shows the changes of [TNV]max and Cla with the blade number for the stepped circular cylinder 
blade with l/d = 3 and d = 20mm. Both [TNV]max and Cla were almost constant in the range of 2 ≤ N ≤ 8, 
which means that the interference effect by the wake due to the rotational motion of the cylinder blade did 
not occur, and that the lift force by the NV increased in proportion to the increase in N. The decrease in 
[TNV]max and Cla at N = 10 and 12 shows that the interference effect occurred. 
 
 
Fig. 5-54 Calculation results of maximum driving torque and lift force coefficient in each blade number at 




5.2.3 Effective diameter d 
The changes of [TNV]max and Cla with respect to the effective blade diameter d of the stepped circular 
cylinder blade with l = 60mm and N = 2 are shown in Fig. 5-55. Both [TNV]max and Cla varied with the 
increase of d. At N = 2, the pitch between the adjacent stepped circular cylinder blades is sufficiently large 
at all d. Therefore, the interference effect does not occur, and [TNV]max acting on per stepped circular cylinder 
blade is expected to increase proportionally to d, and Cla is expected to be constant. Also, since the gradient 
of the relationship between n and Tbrake at d = 20 and 25mm is almost constant as shown in Fig. 5-21, it can 
be assumed that at d = 23, 28, and 30mm, Tbrake changes along the same gradient as at d = 20 and 25 mm if 
the NV is stable up to around n = 0 during the loaded experiments. Fig. 5-55 shows [TNV]max and Cla 
calculated under the above assumption that the relationship between n and the Tbrake at d = 23, 28 and 30mm 
changes at the same gradient as d = 20mm. [TNV]max increased with increasing d and the range of variability 
of Cla narrowed compared to before the modification. 
 
 
Fig. 5-55 Calculation results of maximum driving torque and lift force coefficient in each blade diameter 
at l = 60mm, N = 2, W = 20mm. 
 
The changes of [TNV]max and Cla with respect to d of the stepped circular cylinder blade with N = 4 are 
shown in Fig. 5-56. The modified [TNV]max and Cla for d = 23, 28, and 30mm, assuming that the relationship 
between n and Tbrake varies with the same gradient as d = 20mm are also shown. As same as N = 2, it is 
expected that [TNV]max acting on per stepped circular cylinder blade increased proportionally to d and Cla 
was constant, if the NV forms stably up to around n = 0 during the loaded experiments. The modified 
[TNV]max increased with increasing d and the range of variability of modified Cla narrowed compared to 




Fig. 5-56 Calculation results of maximum driving torque and lift force coefficient in each blade diameter 
at l = 60mm, N = 4, W = 20mm. 
 
The changes of [TNV]max and Cla with respect to d of the stepped circular cylinder blade with N = 8 are 
shown in Fig. 5-57. In the loaded experiments shown in Fig. 5-37, steady rotation continued up to n = 0 for 
all d. It is considered that the NV was stable over the entire measurement range of n. [TNV]max acting on per 
stepped circular cylinder blade increased linearly with increasing d in the range 20 ≤ d ≤ 25mm, while it 
decreased in the range of 25 ≤ d ≤ 30mm. Since the lift force by the NV usually increases with the increase 
of d, this decreases in [TNV]max mean that the interference effect due to the wake on the rotational motion 
had occurred. The occurrence of this interference effect reduced Cla, which was constant in the range 20 ≤ 
d ≤ 25mm. 
 
Fig. 5-57 Calculation results of maximum driving torque and lift force coefficient in each blade diameter 
at l = 60mm, N = 8, W = 20mm. 
 
The changes of [TNV]max and Cla with respect to d of the stepped circular cylinder blade with N = 10 are 
shown in Fig. 5-58. Both [TNV]max and Cla decreased with increasing d. This phenomenon means that the 
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interference effect was increased by the decrease in the pitch between the stepped circular cylinder blades 
as d increases. The gradient of Tbrake change differed between nmin-350rpm and 350rpm-nmax at d = 28 and 
30mm in the loaded experiments shown in Fig. 5-45. In the former range (nmin-350rpm), only the 
interference effect by the wake for the rotational motion occurred in small pitch between cylinder blades, 
while in the later range (350rpm-nmax), the effect of high rotation of the cylinder blades may have occurred 
in addition to the interference effect. Therefore, modified [TNV]max and Cla were calculated by using the 
relationships between n and Tbrake in each rotational speed range. The results are shown in together as Large 
n (350rpm-nmax) and Small n (nmin-350rpm) in Fig. 5-58. The results of Large n show that [TNV]max and Cla 
decrease significantly if the effect of high rotation could occur up to around n = 0. The results for Small n 
show that if the effect of high rotation does not occur but only interference effects occur, [TNV]max is almost 
constant for d and Cla decreases slightly. 
 
 
Fig. 5-58 Calculation results of maximum driving torque and lift force coefficient in each blade diameter 
at l = 60mm, N = 10, W = 20mm. 
 
 
5.2.4 Pitch ratio t/d 
Using the relationship between d and [TNV]max and Cla for each N in the previous subsection, [TNV]max and 
Cla for the pitch ratio t/d of the stepped circular cylinder blade are organized. The results for d = 23, 28, 
30mm at N = 2 and 4 are based on the modified gradient of the n ~ Tbrake relationship. The results are shown 
in Fig. 5-59. The systematic change in [TNV]max for the decrease in t/d was not observed. As shown in Section 
5.2.2, when the stepped circular cylinder blades maintain the sufficient pitch that does not cause the wake 
interference effects on the rotational motion, [TNV]max remains constant with increasing N for the certain d. 
Therefore, it is shown that the instability of NV formation by the increase in d had the significant effect on 
the variability of [TNV]max. Cla varied in the range of t/d > 2 but decreased continuously with the decrease in 
t/d in the range of t/d < 2. In the range of t/d < 2, the lift force by NV acting on the stepped circular cylinder 
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blade decreased by the interference effect by the wake for the rotational motion. As shown in Fig. 3-3(c) in 
Chapter 3, when t/d is small, the formation of NV and suction flow occurred next to each other in the narrow 
pitch between the two blades. It is shown that the NV was formed more stably in the range of t/d < 2 than 
in the case of t/d > 2 by above phenomenon, by the continuously reduce of Cla. 
 
 
Fig. 5-59 Calculation results of maximum driving torque and lift force coefficient in each blade diameter 




5.3 Effect of blade configuration on wind turbine performance 
In order to evaluate the performance of the stepped circular cylinder blade wind turbine, the power 
coefficient Cp is obtained by using the results of the loaded experiments under each condition. The power 




(5 − 9) 
Where ω (= 2πn/60) is the angular velocity of the driving shaft and A (= πltotal2/4) is the swept area of the 
rotating cylinder blade. 
 
 
5.3.1 Effective length ratio l/d 
Figure 5-60(a) shows the relationship between Cp and λ calculated from the results of the loaded 
experiments for each effective length ratio l/d shown in Fig. 5-5. Cp had an upwardly convex curve for all 
l/d, and Cp took a maximum value at certain λ. The maximum value of Cp ([Cp]max) was maximum at l/d = 
2.5 and minimum at l/d = 4.5 and was about 2.4 times difference between these Cp values of two l/d. For 
the range of λ, about 1.4 times difference was observed. Fig. 5-60(b) shows [Cp]max and λ[Cp]max for each l/d. 
As mentioned above, [Cp]max took a maximum value at l/d = 2.5 and then decreased continuously with 
increasing l/d. λ[Cp]max tends to be larger for large [Cp]max and smaller for small [Cp]max. λ[Cp]max is maximum 
at l/d = 3, but not at l/d = 2.5 where [Cp]max took maximum value. These results indicate that the performance 
of the wind turbine is maximized by setting the effective length l/d = 2.5-3. 
 
 
Fig. 5-60 Evaluation of wind turbine performance at each value of l/d. 
 
 
5.3.2 Blade number N 
Figure 5-61(a) shows the relationship between Cp and λ calculated from the results of the loaded 
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experiments for each blade number N. Cp had an upwardly convex curve for almost N, and Cp took a 
maximum at N = 12. The range of λ was minimum at N = 2 and maximum at N = 10, resulting in a difference 
of about 1.5 times. Fig. 5-61(b) shows [Cp]max and λ[Cp]max for each N. [Cp]max increased almost linearly with 
increasing N in the range of 2 ≤ N ≤ 8. When the blade number increased from N = 2 to 4, [Cp]max also 
increased about 2.0 times, and when the blade number increased from N = 4 to 8, [Cp]max increased about 
2.2 times. That is, [Cp]max increased almost as much as the rate of increase of N in the range of 2 ≤ N ≤ 8. 
[Cp]max in N ≥ 8 was almost constant for N. λ[Cp]max increased gradually with increasing N. That is, λ[Cp]max 
became large under conditions where [Cp]max is large. 
 
 
Fig. 5-61 Evaluation of wind turbine performance at each value of l/d. 
 
 
5.3.3 Effective blade diameter d 
Figure 5-62(a) shows the relationship between Cp and λ calculated from the results of the loaded 
experiments for each blade diameter d of the stepped circular cylinder blade at l = 60mm and N = 2. Cp had 
an upwardly convex curve for d = 20 and 25mm, but the rotation suddenly stopped for d = 23, 28, 30mm 
by the instability of formation of NV. Fig. 5-62(b) shows [Cp]max and λ[Cp]max for each d. For N = 2, [Cp]max 
is expected to increase with increasing d, assuming the interference effect by the wake does not occur. The 
actual [Cp]max varied with increasing d due to the instability in the formation of NV. λ[Cp]max tended to 





Fig. 5-62 Evaluation of wind turbine performance at each value of d at N = 2. 
 
Figure 5-63(a) shows the relationship between Cp and λ calculated from the results of the loaded 
experiments for each d at N = 4. Cp had an upwardly convex curve for d = 20 and 25mm. Although parabolic 
maximums were obtained at d = 23, 28, and 30 mm, the rotation stopped suddenly at large λ. Fig. 5-63(b) 
shows [Cp]max and λ[Cp]max for each d. [Cp]max varied with increasing d by the instability in the formation of 
NV, and λ[Cp]max tended to increase with increasing d. 
 
 
Fig. 5-63 Evaluation of wind turbine performance at each value of d at N = 4. 
 
Figure 5-64(a) shows the relationship between Cp and λ calculated from the results of the loaded 
experiments for each d at N = 8. Cp had an upwardly convex curve for all d. Fig. 5-64(b) shows [Cp]max and 
λ[Cp]max for each d. Both [Cp]max and λ[Cp]max increased with increasing d. As the loaded experiments shown 
in Fig. 5-37, the maximum load torque [Tbrake]max decreased at d = 28 and 30mm by the interference effect 
by the wake on the rotational motion. On the other hand, the relationship between U and n in the un-load 
experiments shown in Fig. 5-34 showed that n at an arbitrary U increased with increasing d in the range of 
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U ≥ 5m/s. By this large rotational speed at the large d, [Cp]max increased with increasing d. 
 
 
Fig. 5-64 Evaluation of wind turbine performance at each value of d at N = 8. 
 
Figure 5-65(a) shows the relationship between Cp and λ calculated from the results of the loaded 
experiments for each d at N = 10. Cp changed to be an upwardly convex curve with respect to changes in λ 
for all λ ranges for d = 20, 23, and 25mm. For d = 28 and 30mm, Cp increased linearly with decreasing λ in 
the range of 0.3 ≤ λ ≤ 0.35 by the effect of high rotational speed. In the range of 0.3 ≥ λ, where the effect of 
the high rotational speed disappeared, and Cp changed to become a convex curve upward as in the other d 
cases. The results of Fig. 5-65(b) showed that [Cp]max becomes constant for the same N when the 
interference effect by the wake on the rotational motion occurs, and λ[Cp]max becomes also almost constant 
except for d = 20mm. 
 
 





5.3.4 Pitch ratio t/d 
[Cp]max and λ[Cp]max for the pitch ratio t/d were organized by using the relationship between of d and [Cp]max 
and λ[Cp]max for each N in the previous subsection. The results are shown in Fig. 5-66. Although [Cp]max 
varied, it increased with the decrease in t/d and decreased rapidly in t/d > 1. This result means that although 
the performance of the wind turbine is greatly improved by setting a narrower t/d, the interference effect 
by the wake on the rotational motion, which occurred by the extremely small t/d, reduced the performance. 
The increase in d seemed to have a significant effect on the variation of λ[Cp]max. 
 
 





The stepped circular cylinder blade is considered to be a most promising and practical configuration for 
the cylinder blade wind turbine at the present stage. The influences of the effective length l, the number N, 
and diameter d on the rotation, output torque, and performance characteristics of the stepped circular 
cylinder blade wind turbine are investigated. 
The conclusions obtained from the experimental results and discussions are summarized as follows. 
1. The performance of cylinder blade wind turbine such as the output torque and power coefficient are 
largely improved by the stepped circular cylinder blade with the effective length ratio l = 60mm (l/d 
= 3) at d = 20mm. This is because the generation of driving torque by NV is unaffected while the fluid 
resistance against the rotation is reduced by decreasing the sizes of ineffective parts of the cylinder 
blade. 
2. The lift coefficient of NV per stepped circular cylinder blade Cla was constant at the range of blade 
number of N ≤ 8 at d = 20mm and l = 60mm (l/d = 3), but Cla decreased at N ≥ 10 due to interference 
effects by the wake on the rotational motion. 
3. In the range of the pitch ratio of t/d < 2, Cla was reduced due to the interference effect by the wake on 
the rotational motion of the cylinder blades. By further narrowing the range of t/d at high flow 
velocities, the effect of high rotation occurred, and the rotational speed of the cylinder blade increased 
rapidly. 
4. The formations of NV and the suction flow was stable at the narrow t/d of t/d < 2, and this effect was 
seen as a continuous decrease in the Cla. 
5. l = 60mm and t/d ≃ 2 is recommended as the optimum configuration for the stepped circular cylinder 
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6. Axial drag force in the mainstream direction 
When the longitudinal vortex (LV) is formed stably behind the moving direction of the circular cylinder 
blade, a strong negative pressure region is generated between the circular cylinder blade and the ring-plate 
placed downstream, and the force acts on the circular cylinder blade. This force is thought to act on the 
circular cylinder blade as a lift force in the rotational direction and a drag force (thrust force) in the 
mainstream direction. The effects of the configurations and structural parameters on characteristics of the 
axial drag force in the mainstream direction were investigated. The axial drag force is measured for the 
continuous increase in the flow velocity and gap ratio, and the drag force characteristics are investigated. 
The relationship between the axial drag coefficient and Reynolds number is obtained from the experimental 
results, and the stability of the LV due to the changes in the experimental conditions and structural 
parameters is evaluated from the behavior of axial drag coefficient.  
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6.1 Objectives of axial drag force measurement 
The lift coefficient (CL) and the drag coefficient (CD) against the rotation of the single circular cylinder 
blade under steady rotating was approximated from the result of the loaded experiments in Chapter 4. 
Assuming CL as the linear function of the velocity ratio λ (CL = Cla-Clbλ) and CD as the constant value, the 
relationships between rotational seed n and flow velocity U under un-loaded condition and between the 
power coefficient Cp and the velocity ratio λ are fairly well predicted for the widely varying conditions.CL 
and CD in these chapters are the dimensionless forces for the rotating circular cylinder blade.  
The forces acting on the circular cylinder blade due to the longitudinal vortices (LVs) are mainly classified 
into two forces: the lift force acting in the rotational direction and the drag force acting in the mainstream 
direction (thrust force). This drag force is called as the axial drag force in this chapter. When the force of 
LVs increases by changes in structural parameters and experimental conditions, i.e., when the negative 
pressure region generated in the moving direction of circular cylinder blade expands or becomes stronger, 
the two forces are expected to increase. 
In both numerical calculations for circular-cylinder/strip-plate cruciform system and circular cylinder 
blade wind turbine by our research team, the lift force of the moving or rotating direction of the cylinder 
(CL) and the drag coefficient on the mainstream direction, i.e., the axial drag coefficient (CD.U) were 
evaluated. In the numerical simulation for the circular-cylinder/strip-plate system, where the upstream 
circular cylinder moves parallel to the strip-plate with a constant velocity while keeping the constant gap 
ratio s/d, the effect of velocity ratio VR (= Vcy/U, Vcy: moving velocity of the cylinder, Re = 1.3*104) on the 
distribution of the local lift coefficient (CL local) and the local axial drag coefficient (CD.U local) on the spanwise 
direction of the circular cylinder was investigated [1]. In the all range of VR = 0.05-0.2, CD.U local was a 
minimum at the center of the cross-section of the circular cylinder and the strip-plate, increased as receding 
from the cross-section and reached a maximum near the rim of the strip-plate, and then rapidly decreased 
toward the tip-end of the cylinder. This distribution of CD. U local was symmetrical to the center of the cross-
section. The integrated value of the local axial drag coefficient (CD.U) in all range of VR was CD.U = 1.2-1.4. 
Since the axial drag coefficient of the common cylinder at the same Re is 1.0-1.2 [2], CD.U slightly increased 
by the formation of the LVs. In order to investigate the effect of the velocity ratio λ on the distribution of 
the local lift coefficient (CL local) and the local axial drag coefficient (CD.U local) on the spanwise direction of 
the stepped circular cylinder blade, the numerical calculation was carried out in the range of λ = 0.05-0.2 
for the simulated stepped circular cylinder blade wind turbine with N = 2 [3]. λ (= Vcy/U) is a dimensionless 
number determined by dividing the moving velocity of the circular cylinder blade at the center diameter of 
the ring-plate (Vcy = 0.5Dω, ω = 2πn/60) by the flow velocity U = 10m/s, and the stepped circular cylinder 
blade rotated at a constant λ along the downstream ring-plate with a constant s/d. The tendency of 
distribution of CD.U local was similar for the above circular-cylinder/strip-plate system with a slight difference 
between inside and outside of the ring-plate. The relationship between λ and the integrated axial drag 
coefficient was CD.U = 1.2-1.3 at any λ. 
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The high axial drag force of the circular cylinder blades and the ring-plate placed downstream is a 
disadvantage of the circular cylinder blade wind turbines, and the axial drag force needs to be reduced for 
the robustness of the wind turbine for practical use. Therefore, this chapter evaluates the effects of changes 
in structural parameters and experimental conditions on the characteristics of axial drag force. The reduction 
in axial drag force are also evaluated in the stepped circular cylinder blade wind turbine which the 
unnecessary regions for the forming of NV was removed. The relationship between the axial drag 
coefficient and the Reynolds number is obtained from the experimental results, and the behavior of forces 




6.2 Drag force for single circular cylinder blade wind turbine 
The validity of the axial drag force measured by the experimental apparatus was evaluated from the 
measurement result of the drag force at cylinder only condition. Fig. 6-1 shows the transition of the axial 
drag force FD.U with increasing flow velocity U at cylinder only, and the relationship between the axial drag 








(6 − 2) 
The kinematic viscosity ν and the density ρ in air at 20°C were used in this chapter. FD.U acting on the single 
circular cylinder blade increased exponentially with the increase of U. The drag coefficient gradually 
increased in the range of CD.U = 0.8-1.0 with the increase of Re. This measured value of CD.U was slightly 
smaller compared with the theoretical value CD.U = 1.0-1.2 of a long cylinder placed perpendicular to the 
flow in the same range of Re [2]. It is considered that the Karman vortex (KV) forming from the single 
circular cylinder blade was disordered by some factors such as the driving shaft attached to the center of 
the single circular cylinder blade and the tip effect acting on the tip-ends of blade tips, and CD.U became 
smaller than the theoretical value. However, since the difference between the experimental and the 
theoretical drag coefficients was very small, this experimental result is considered to be valid and the 
experiments described later were carried out. 
 
 
Fig. 6-1 Drag force and Reynolds number at cylinder only. 
 
Figure 6-2 shows the relationships between FD.U and U, CD.U and Re at the three conditions shown in 
Subsection 2.3.5 and the relationship between the rotational speed n and U at rotating cylinder. At all 
conditions, FD.U increased exponentially with the increase of U. The value of FD.U in each U was the largest 
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at rotating cylinder and the smallest at cylinder only throughout the measurement range of U. The axial 
drag coefficients CD.U, which is a normalized FD.U, showed complex behavior in the low Re at rotating and 
fixed cylinders, and tends to be constant in the high Re of Re > 104. CD.U were stable at CD.U ≃ 1.5 in 
rotating cylinder, at CD.U ≃ 1.3 in fixed cylinder, and at CD.U ≃ 0.9 in cylinder only. It is considered that 
the following phenomena occur at each condition of the single circular cylinder blade in the wind turbine 
apparatus installed in a uniform flow. 
(1) Rotating cylinder: The LVs forms stably with the rotating single circular cylinder blade. 
(2) Fixed cylinder: The LVs irregularly forms from the top and bottom of the single circular cylinder blade. 
At these two conditions, KV also forms at the same time in the outside region of the LVs forming on the 
single circular cylinder blade. 
(3) Cylinder only: Only KV regularly forms from the top and bottom of the single circular cylinder blade. 
From the difference in these phenomena on the single circular cylinder blade, FD.U by the LVs was larger 
than that by the KV only. The complex behavior of CD.U in small Re in rotating and fixed cylinders is 
thought to be related to the unstable forming of LVs and the tip-effect and so on. 
In the experiments for the rotating cylinder, the rotational speed n was measured simultaneously with the 
measurement of the axial drag force. The single circular cylinder blade started steady rotating at the 
minimum flow velocity of wind tunnel of U ≃ 2m/s, and n increased linearly with increasing U. Therefore, 
the relative attack angle α, determined by the rotating velocity of the single circular cylinder blade and U 
as shown in Eq. (2-3), is assumed to be constant. Considering the change of the flow velocity which the 
single circular cylinder blade starts steady rotating U0, the converted relative attack angle α' was calculated 
from the relationship between the converted flow velocity U' (= U-U0) and n. The relationship between U' 
and α' is shown in Fig. 6-2(d). The converted relative attack angle α' was almost constant throughout all U', 
but slight fluctuation of α' was observed in small U' around 6 ≤ U' m/s. The range of converted velocities 
at 6 ≤ U' m/s corresponds to the region where CD.U fluctuates in the relationship between CD.U and Re shown 






Fig. 6-2 Drag force and drag coefficient at three conditions and rotational speed at rotating cylinder. 
 
The effect of s/d on FD.U at a constant flow velocity was investigated. Fig. 6-3(a) shows the transition of 
FD.U with the stepwise increase of s/d from 0.2 to 0.5 at U = 12m/s at rotating cylinder and fixed cylinder 
in which LVs form. The result of FD.U at cylinder only at U = 12m/s is also shown as a broken line. The 
relationship between n and s/d at rotating cylinder is shown in Fig. 6-3(b). FD.U at both rotating cylinder 
and fixed cylinder were almost equal as that at cylinder only in s/d = 0.2-0.3 and rapidly increased at s/d = 
0.325 at rotating cylinder and s/d = 0.35 at fixed cylinder, and then decreased with the increase of s/d. FD.U 
at rotating cylinder was larger than that at fixed cylinder in s/d ≥ 0.325. n at rotating cylinder became 
maximum when the single circular cylinder blade started rotating at s/d = 0.325, and then decreased 
continuously with the increase of s/d. These experimental results show that only KVs were formed at s/d > 
0.325 in both rotating and fixed cylinders, and the LVs, especially the necklace vortex (NV) were formed 
near s/d = 0.325. The increase in s/d caused the decrease of the lift force by the NV and n decreased. As the 
result, the drag force by LVs acting on the single circular cylinder blade also decreased. The difference of 
the value of FD.U between rotating cylinder and fixed cylinder was due to the difference of the forming 




Fig. 6-3 Drag force and rotational speed at increasing gap ratio at three condition. 
 
Figure 6-4 shows the transition of FD.U and n with the increase of U and the relationship between CD.U and 
Re, and the relationship between α’ and U’ for each ring-plate width of W = 15, 20, 30mm at rotating 
cylinder. FD.U increased exponentially with the increase of U for all W. FD.U also increased with increasing 
W in the constant U in the range of U ≥ 6m/s. CD.U increased monotonically with increasing Re at W = 15 
and 30mm, and tended to be constant in large Re. In the case of W = 20mm, CD.U was close to the value of 
CD.U of W = 30mm for Re < 5000 but was close to the value of CD.U of W = 15mm in large Re. The following 
phenomena are considered to be related to the change in CD.U; the ratio of acting region where lift force by 
LVs and drag force was changed by changing of the ring-plate in fixed single circular cylinder blade length, 
the LVs steadily formed by the increase of U, and the tip-effect. Fig. 6-4(c) shows the relationship between 
W and FD.U at U = 12m/s. FD.U increased almost linearly with the increase of W. The NV that generates the 
steady lift forms along the ring-plate. Therefore, it is considered that when W was increased on a single 
circular cylinder blade with the same diameter and total length, the spanwise length of NV increased, and 
FD.U acting in the mainstream direction increased as well as the lift force acting in the rotational direction. 
Figure 6-5 show the rotational speed n of the rotating cylinder and the converted relative angle of attack 
α' measured simultaneously with the axial drag force. n increased linearly with the increase of U for all W 
but α’ shown in Fig. 6-5(b) had slight fluctuation while remaining almost constant. In particular, α' tended 
to fluctuate up to large U' at lower W suggests that the force by the LV was unstable at small W and stabilized 
with the increase of flow velocity. However, the significant correlation between the change in CD.U and W 






Fig. 6-4 Characteristics of drag force for each ring-plate width. 
 
 





6.3 Drag force for stepped circular cylinder blade wind turbine 
Figure 6-6 shows the transition of FD.U and n with the increase of U in each blade number N and the 
relationship between CD.U and Re at rotating cylinder condition of stepped circular cylinder blade wind 




(6 − 3) 
FD.U increased exponentially with increasing U for all N, and FD.U at a given U was larger for larger N in 
the range of U ≥ 4m/s. The comparison with the relationship between FD.U and U of the rotating cylinder 
of the single circular cylinder blade wind turbine shown in Fig. 6-2(a) indicated that the axial drag force 
also decreases by removing the ineffective region where the lift force by NV does not generate. As shown 
in Fig. 6-6(b) CD.U for each N in Re > 104 decreased with increasing N until N = 6-8 but increased with 
increasing N when N is larger than N = 6. The behavior of the change in CD.U for the increase in Re tended 
to be large or be more complex as N increased. As shown in Fig. 6-6(c), n increased linearly with the 
increase of U for all N. Comparison with the relationship between n and U for the rotating cylinder of the 
single circular cylinder blade wind turbine shown in Fig. 6-2(c) showed that the stepped circular cylinder 
blade is almost ineffective for the change of the rotational speed. Fig. 6-7 shows the relationship between 
n and N and the relationship between α' and U' at constant flow velocities of U = 6, 9 and 12m/s. The 
systematic change in n with increasing N was not observed in any of U, and n scattered over the wide range 
with increasing U. α' for each N tended to be constant as U' increased, but the systematic change of α' with 
the increase of N was not confirmed. Comparing the relationship between α' and U' at each N with the 
relationship between CD.U and Re shown in Fig. 6-6(b), it was found that α' and CD.U varied for small U' 
(Re) and became stable with increasing U' (Re). Fig. 6-8 shows the relationship between FD.U and N and the 
relationship between the drag force acting per stepped circular cylinder blade (FD.U/N) and N at a constant 
flow velocity U = 12m/s. FD.U increased linearly with increasing N and FD.U/N became constant for almost 
all N except N = 2. 
These results indicated that the axial drag force is reduced by using the stepped circular cylinder blade 
while keeping the rotational speed. On the other hand, the force by the LVs, which is unstable at low flow 
velocities in also the stepped circular cylinder blade wind turbine, was stabilized by increase of flow 
velocity. The axial drag force characteristics of the stepped circular cylinder blade wind turbine are 
considered to be affected by the tip effect, instability of formation of LVs on each blade, and the pitch 
distance between the cylinder blades. The LVs forms from each stepped circular cylinder blade 
independently of each other at small N. However, the formation of the LVs is affected by the adjacent 
stepped circular cylinder blades as N increases as shown in Chapter 5. This interference effect by the wake 
on the rotational motion of the cylindrical blade affected the stability of the LVs formation, resulting in the 
large change and complex behavior of CD.U with increasing Re for large N, and the decrease of CD.U with 












































The axial drag force (thrust force) FD.U by the forming of the longitudinal vortices (LVs) acting on the 
circular cylinder blade wind turbines was measured and its characteristics were investigated. The 
conclusions obtained from the experimental results and discussion are below. 
1. When the LV, especially necklace vortex (NV) was formed behind the moving direction of circular 
cylinder blade, the strong negative pressure region was generated between the circular cylinder blade 
and the ring-plate, and the lift force acted in the rotational direction and axial drag force (thrust force) 
acted in the mainstream direction on the circular cylinder blade. 
2. The axial drag was reduced while the rotational speed was maintained by replacing the single circular 
cylinder blade with the stepped circular cylinder blade. 
3. The rotational speeds of the circular cylinder blades increased linearly with the increase in flow 
velocity, while the axial drag force increased exponentially. However, at low flow velocities, the 
relative attack angle calculated from the rotational speed and flow velocity showed slight variation 
and the axial drag coefficient showed a complicated behavior. Each of these values became constant 
with the increase of flow velocity. 
4. The behavior of the drag coefficient and relative attack angle with increasing flow velocity was 
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7. Effect of ring-plate configuration on the performance 
enhancement 
In order to enhance the performance of the cylinder blade wind turbines, dual ring-plate consisted by the 
two different diameter ring-plates are installed in the downstream of the cylinder blades and this influence 
is evaluated. The optimum value of the gap between the two ring-plates is determined and this effect is 
compared with the case of a single ring-plate with W/d = 1 and 2 for the single circular cylinder blade wind 
turbine. The effect of the dual ring-plate of the stepped circular cylinder blade wind turbine is compared 
with the effect of increasing of blade number at single ring-plate. Based on the experimental results, the 
structural parameters, by which the effect of dual ring-plate is maximized, is proposed.  
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7.1 Objectives of the dual ring-plate 
In order to investigate the conditions under which large lift force by necklace vortex (NV) is obtained, the 
loaded and un-loaded experiments were conducted with various structural parameters and shape factors for 
the single circular cylinder blade wind turbine in Chapter 4 and for the stepped circular cylinder blade wind 
turbine in Chapter 5. It was suggested that the lift force by the NV was most effectively increased by 
optimizing the width ratio of the ring-plate W/d for the single circular cylinder blade wind turbine and the 
pitch ratio t/d for the stepped circular cylinder blade wind turbine and the large performance is obtained. In 
particular, for the blade number N, which is the parameter determines the pitch ratio t/d in the stepped 
circular cylinder blade wind turbine, the maximum power coefficient [Cp]max increased almost as much as 
the rate of increase of N in the absence of the interference effect by the wake on the rotational motion. As 
the blade number increased and the pitch ratio became below 1, [Cp]max decreases rapidly. Therefore, the 
blade number attached to the stepped circular cylinder blade wind turbine was limited. 
We considered the arrangement of two ring-plates with different diameters as the methods to forming NV 
without the interference effects of the wake on the rotational motion. Since the NV forms along the 
downstream ring-plate, the number of NVs formed from one circular cylinder blade becomes double, and 
the lift force acting on the circular cylinder blade is assumed to be improved. Fig. 7-1 shows the schematic 
diagram of the flow pattern of NVs between the upstream single circular cylinder blade and the downstream 
dual ring-plate. When the distance between the dual ring-plates (Wring) is narrow, the NVs or the effective 
area where lift force is generated at the inside and outside ring-plates interfere with each other, which is 
thought to affect the various characteristics of the circular cylinder blade wind turbines. The un-load and 
loaded experiments are conducted on the circular cylinder blade wind turbines with the dual ring-plate as 
shown in Fig. 2-4(a). In order to confirm the validity of the dual ring-plate, the experimental results are 
compared to the case where the single ring-plate with the same width as each ring-plate (W = 20mm) and 
the total width of the inside and outside of ring-plates (W = 40mm) is attached, and with the same number 
of NVs formed, i.e., N = 2 in the dual ring-plate and N = 4 in the single ring-plate. 
  
 
Fig. 7-1 Schematic diagram of formation and shedding of necklace vortex between single circular cylinder 
blade and dual ring-plate.  
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7.2 Single circular cylinder blade wind turbine 
Figure 7-2 shows the relationship between the rotational speed n and increasing flow velocity U obtained 
through the un-loaded experiments and the relationship between the load torque Tbrake and rotational speed 
n obtained through the loaded experiments for the single circular cylinder blade wind turbine with single 
ring-plate with D = 155mm and W = 20, 40mm (W/d = 1, 2), shown in Figs. 4-11 and 4-13 in Chapter 4. In 
the result of un-loaded experiments, the single circular cylinder blade attained the stable rotation at the 
minimum flow velocity of the wind tunnel U ≃ 2m/s, and n increased almost proportionally to U. The 
difference of the rotational speed between the two W was about 10rpm at U = 2m/s and about 190rpm at U 
= 12m/s. In the result of loaded experiments, Tbrake increased linearly with the decrease of n at W = 20mm, 
but the increase of Tbrake slightly curved at W = 40mm. The comparisons of (1) minimum rotational speed 
of single circular cylinder blade nmin, (2) maximum load torque [Tbrake]max obtained at nmin, and (3) rotational 
speed range of stable rotation nope (= nmax-nmin) between W = 20 and 40mm are as follows. 
(1) nmin at W = 20mm was about half of W = 40mm. 
(2) [Tbrake]max at W = 20mm was about 4/5 of W = 40mm. 
(3) nope at W = 20mm was about 2/3 of W = 40mm. 
Even if W is doubled, [Tbrake]max increases only 1.2 times and the lift force by the NV is not simply 
proportional to W. And since nmin increases with the increase of W, it is shown that the increase of W 
destabilizes the lift force generation by the NV when the load is large and the rotational speed is small. 
 
 
Fig. 7-2 Results of un-loaded and loaded experiments for single circular cylinder blade wind turbine with 
single ring-plate. d = 20mm, ltotal = 220mm, W = 20, 40mm, D = 155mm, s/d = 0.35. 
 
Figure 7-3 shows the relationship between the rotational speed n and increasing flow velocity U obtained 
through the un-loaded experiments for the single circular cylinder blade wind turbine with dual ring-plate 
with the gap between the two ring-plate Wring is 5-30mm. The experimental results of the single ring-plate 
with W = 20 and 40mm shown in Fig. 7-2 are also plotted for comparison. n increased proportionally to U 
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in each Wring. The minimum flow velocity at which the single circular cylinder blade rotates steadily Umin 
was Umin = 4m/s at Wring = 5 and 10mm, and Umin = 3m/s at other Wring, i.e., Umin did not depend on the 
change of Wring. In the range of Umin ≤ U ≤ 6m/s, the value of n was similar in each Wring in any U, but the 
difference of n was confirmed with increasing U in the range of U ≥ 7m/s. When the single ring-plate is 
placed, Umin was Umin = 2m/s at both W = 20 and 40mm and the single circular cylinder blade rotated at 
lower flow velocity than that of the dual ring-plate. After the start of the rotation, n of W = 20mm was lower 
than that in all Wring of the dual ring-plate in the range of U ≥ 6m/s, and n of W = 40mm was higher than 
that in all Wring of the dual ring-plate in all U ranges. Fig. 7-4 shows the relationship between Wring and n at 
U = 10m/s obtained through the un-loaded experiments. The experimental results of single ring-plate with 
W = 20 and 40mm are also shown by broken lines for the comparison. n tended to decrease with the increase 
of Wring. The difference of n was the largest between Wring = 5 and 25 mm, which was about 55rpm. The 
largest difference of n (116 rpm) occurred between the result of the single ring-plate at W = 20mm and the 
result at Wring = 5mm and it was confirmed that n increased about 1.4 times by placing the dual ring-plate. 
On the other hand, the largest difference of n (91 rpm) occurred between the result of W = 40mm and the 
result of Wring = 25mm, and n decreased to about 4/5 by separating the width of ring-plate. 
In the range of the optimum effective length l = 50-60mm of the cylinder blade in the stepped circular 
cylinder blade wind turbine as determined in Subsection 5.1.1, the protruding length of the stepped circular 
cylinder blade from the edge of the ring-plate is lP = 15-20mm. It is considered that the lift force by NV 
does not act outside of this protruding length region. That is, for the dual ring-plate, the effective parts 
where NV and lift force are generated by the inside and outside ring-plates are considered to be independent 
of each other under the condition of Wring (= 2lP) > 30-40mm. However, in the Wring range in this study, the 
above-mentioned interference of the NV and effective part are considered to occur. Furthermore, the 
comparison between the results of the single ring-plate at W = 40mm and the double ring-plate suggests 
that the separation of the ring-plate, as well as the interference of NVs in the spanwise direction of the 
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Fig. 7-3 Rotational speed vs. flow velocity through un-loaded experiments for each value of gap between 




















Fig. 7-4 Rotational speed at U = 10m/s vs. gap between ring-plates compared with single ring-plate with W 
= 20 and 40mm. 
 
Figure 7-5 shows the relationship between Tbrake and n at U = 10m/s for each Wring obtained through the 
loaded experiments. The experimental results of single ring-plate with W = 20 and 40mm shown in Fig. 7-
2(b) are plotted for comparison. Tbrake increased linearly with the decrease of n except for the slight 
curvilinear changes at Wring = 10mm. The maximum value of Tbrake ([Tbrake]max) in each Wring was maximum 
at Wring = 20mm and was the minimum at Wring = 30mm. In the range of the rotational speed of 100 ≤ n ≤ 
200rpm, there was no significant difference of Tbrake of each Wring at a given n. The minimum value of the 
rotational speed (nmin) at [Tbrake]max tended to decrease at which the large [Tbrake]max was obtained and 
increase at which the small [Tbrake]max was obtained. The result of the loaded experiments of the single ring-
plate with W = 20mm showed a narrower rotational range and a smaller value of Tbrake at given n than the 
results of the dual ring-plate under all conditions of Wring. For the results of the single ring-plate with W = 
40mm, Tbrake was larger than that for all conditions of Wring in the range of n > 200rpm, but Tbrake tended to 
increase with the slight curvilinear changes with the decreasing n and it was similar to the result of Wring = 
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20mm at n < 150rpm. 
Figure 7-6 shows the transitions of maximum load torque [Tbrake]max and minimum rotational speed nmin at 
each experimental result for Wring. The experimental results of single ring-plate with W = 20 and 40mm are 
shown as broken lines. [Tbrake]max increased with increasing Wring in the range of 5 ≤ Wring ≤ 20mm and 
decreased after reaching the maximum value at Wring = 20mm. This transition was different from the 
rotational speed at un-loaded experiments n shown in Fig. 7-4, where n decreased with increasing Wring. 
The value of [Tbrake]max for the dual ring-plate exceeded the result of W = 20mm for single ring-plate at 5 ≤ 
Wring ≤ 25mm and was 1.4 times larger than that of W = 20mm at Wring = 20mm. This result showed that the 
doubling of the number of NVs by the dual ring-plate did not double the driving force by NVs. In the 
comparison of the experimental results of the single ring-plate with W = 40mm and the dual ring-plate, 
[Tbrake]max of dual ring-plate exceeded the results of W = 40mm in the range of 5 ≤ Wring ≤ 20mm and was 
1.2 times larger at Wring = 20mm.  
At Wring = 20mm, the protruding length of the cylinder blades from the inside and outside ring-plates is lP 
= 10mm, respectively, and the NVs formed from each ring-plate are considered to interfere with each other. 
In other words, the interference of NVs in this Wring condition increased the lift force. When the Wring is 
larger than Wring = 20mm, the formations of NV are independent of each other and the NV formed from the 
inside ring-plate may be affected by the driving shaft and other factors. On the other hand, when Wring is 
smaller than Wring = 20mm, the flow field approaches that of the case where the single ring-plate with W = 
40mm is attached. However, the small gap between the ring-plates makes the configuration of the ring-
plate that is slit into a single ring plate with a large width. This slit affects the suction flow and NV formation 
between the single circular cylinder blade and the ring-plate and is considered to reduce the lift force by 
NV. 
The minimum rotational speed nmin decreased with increasing Wring in the range of 5 ≤ Wring ≤ 20mm, 
reached the minimum at Wring = 20mm, and then increased. That is, nmin tends to decrease under the 
condition that [Tbrake]max increases. It was only Wring = 20mm where nmin of the dual ring-plate became 
smaller than that of single ring-plate of W = 20mm. Also, nmin of the dual ring-plate became smaller than 
that of single ring-plate of W = 40mm in the range of 10 ≤ Wring ≤ 20mm and it almost agreed with the range 









































Fig. 7-5 Load torque vs. rotational speed at U = 10m/s through loaded experiments for each value of gap 









7.3 Stepped circular cylinder blade wind turbine 
7.3.1 Effect of ring-plate configuration at N = 2 
Figure 7-7 shows the relationship between the rotational speed n and increasing flow velocity U for the 
gap between the two ring-plate Wring for the stepped circular cylinder blade wind turbine of N = 2 with dual 
ring-plate. The steady rotation was not observed at Wring = 25mm and n increased proportionally to U in 
other Wring. The minimum flow velocity at which the stepped circular cylinder blade rotates steadily Umin 
was Umin = 4m/s at Wring = 5mm, Umin = 7m/s at Wring = 35mm, and Umin = 3m/s at other Wring, Umin at Wring 
= 35mm was larger than other conditions. In 5 ≤ Wring ≤ 20mm, the significant difference in n was not 
confirmed in the given U in the range of U ≤ 8m/s, and n tended to decrease with the increasing of Wring in 
U ≥ 9m/s. 
Figure 7-8 shows the relationship between Wring and n at U = 10m/s obtained through the un-loaded 
experiments. The experimental results of single circular cylinder blade wind turbine with dual ring-plate 
shown in Fig. 7-4 are also plotted for the comparison. n tended to slightly decrease with the increasing of 
Wring in 5 ≤ Wring ≤ 20mm and n at Wring = 30mm was about 45% smaller than that in above range of Wring. 
Compared with the results for the single circular cylinder blade wind turbine shown in the red plots, the 
significant difference in n was not confirmed at 5 ≤ Wring ≤ 20mm. This result means that the lift forces 
acting on the two type of cylinder blades at un-loaded experiments are almost equal in the above range of 
Wring. In other words, in the un-loaded experiments, it is considered that the fluid resistance force to the 
rotation acting on the cylinder blades is almost equal in the same Wring at the two types of cylinder blades. 
The formation of NVs was close to the driving shaft and the hub and these attachments may affect the 
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Fig. 7-7 Rotational speed vs. flow velocity through un-loaded experiments for each value of gap between 
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Fig. 7-8 Rotational speed at U = 10m/s vs. gap between ring-plates of stepped circular cylinder blades wind 
turbine with dual ring-plate. 
Figure 7-9 shows the relationship between Tbrake and n at U = 10m/s for Wring obtained through the loaded 
experiments. At, Wring = 25mm the steady rotation was not observed at the un-loaded experiments, the 
loaded experiments were not carried out. Tbrake increased linearly with the decrease of n in any Wring. Also, 
at the same rotational speed, Tbrake decreased with the increase of Wring in n ≥ 150rpm and increased with 
the increase of Wring in n ≤ 150rpm. The maximum value of Tbrake at Wring = 30mm was about 1/4-1/5 and 
the range of steady rotation was about 1/3 compared to other Wring. 
Figure 7-10 shows the transitions of maximum load torque [Tbrake]max and the minimum rotational speed 
nmin for Wring. The experimental results of single circular cylinder blade wind turbine with dual ring-plate 
shown in Fig. 7-6 are plotted for the comparison. [Tbrake]max increased with increasing Wring in the range of 
5 ≤ Wring ≤ 20mm but decreased sharply at Wring = 30mm. Comparing the result with that of the single 
circular cylinder blade, the tendency that [Tbrake]max increased with increasing Wring in 5 ≤ Wring ≤ 20mm 
agreed and the value of [Tbrake]max of the stepped circular cylinder blade exceeded that of the single circular 
cylinder blade. It means that the effect of the stepped circular cylinder blade which removing the 
unnecessary region for the lift force generation by NV was confirmed. nmin of the stepped circular cylinder 
blade decreased with increasing Wring in 5 ≤ Wring ≤ 20mm and increased sharply at Wring = 30mm. That is, 
nmin decreased when [Tbrake]max increases. This tendency agreed with the transition of [Tbrake]max and nmin for 
the single circular cylinder blade. Comparing the value of nmin with the result of the single circular cylinder 
blade, nmin of the stepped circular cylinder blade was 10-20rpm larger than that of the single circular 
































Fig. 7-9 Load torque vs. rotational speed at U = 10m/s through loaded experiments for each value of stepped 
circular cylinder blades wind turbine with dual ring-plate. 
 
 
Fig. 7-10 Effect of gap between ring-plates on maximum load torque and minimum rotational speed. 
 
 
7.3.2 Influence of blade number at a fixed gap between ring-plates 
From the results of the single circular cylinder blade and the stepped circular cylinder blade with N = 2, 
Wring = 10mm which is arbitrary determined and Wring = 20mm where [Tbrake]max was maximum were 
adopted and the effect of the blade number N is examined. 
Figure 7-11(a) shows the relationship between the rotational speed n and increasing flow velocity U in 
each blade number N obtained through the un-loaded experiments for the stepped circular cylinder blade 
wind turbine with dual ring-plate of Wring = 10mm. n increased proportionally to U in each N. The minimum 
wind speed at which the stepped circular cylinder blade rotates steadily Umin was Umin = 3m/s at N = 2, and 
Umin = 2m/s which is the minimum flow velocity measured by the wind tunnel at the other N. The significant 
difference in n at the given U was not observed in 4 ≤ N ≤ 8. Fig. 7-11(b) shows the relationship between n 
and U in each N for the stepped circular cylinder blade wind turbine with dual ring-plate of Wring = 20mm. 
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The tendencies of n which increases with the increase of U and the value of Umin at each N agreed with the 
results of Wring = 10mm. The slight difference in n in the given U was confirmed in the range of U ≥ 8m/s 
in 4 ≤ N ≤ 8. 
 
 
Fig. 7-11 Rotational speed vs. flow velocity through un-loaded experiments for each blade number of 
stepped circular cylinder blades wind turbine with dual ring-plate. d = 20mm, lP = 15mm, N = 2-8, s/d = 
0.35. 
 
Figure 7-12(a) shows the relationship between Tbrake and n at U = 10m/s for N obtained through the loaded 
experiments for the stepped circular cylinder blade wind turbine with dual ring-plate of Wring = 10mm. Tbrake 
increased linearly with the decrease of n in each N. In 4 ≤ N ≤ 8, the significant difference in Tbrake was not 
observed around n > 350rpm, but this difference increased with the decrease of n, and the maximum value 
of Tbrake at N = 8 was about twice of that of N = 4. The minimum rotational speed which the maximum load 
torque ([Tbrake]max) is obtained was about 20-50rpm at each N. Fig. 7-11(b) shows the relationship between 
Tbrake and n in each N for Wring = 20mm. Similar to the result for Wring = 10mm, Tbrake increased linearly 
with the decrease of n in each N. In 2 ≤ N ≤ 6, the maximum value of Tbrake increased and the minimum 





Fig. 7-12 Load torque vs. rotational speed at U=10m/s through loaded experiments for each blade number 
of stepped circular cylinder blades wind turbine with dual ring-plate. d = 20mm, lP = 15mm, N = 2-8, s/d = 
0.35. 
 
Figure 7-13 shows the relationship between n and U and the relationship between Tbrake and n in each N 
for the stepped circular cylinder blade wind turbine with the downstream single ring-plate with D = 155mm 
and W = 20mm and the stepped circular cylinder blades with the protruding length of lP = 15mm are placed. 
n increased proportionally to U in each N. The minimum flow velocity at which the stepped circular cylinder 
blade rotates steadily Umin was Umin = 3m/s at N = 2 and Umin = 2m/s at other N. The difference in the 
rotational speed at the given U was not confirmed in 4 ≤ N ≤ 8. Tbrake increased linearly with the decrease 
of n for all N. The maximum values of Tbrake and Tbrake for the given n increased with the increase of N. The 
minimum value of the rotational speed (nmin) was less than 50 rpm in each N except at N = 4. 
 
Fig. 7-13 Results of loaded and un-loaded experiments for stepped circular cylinder blade wind turbine 




Figure 7-14 shows the relationship between n and N at U = 10m/s at the un-loaded experiments and the 
relationship between [Tbrake]max, nmin and N at U = 10m/s at the loaded experiments in three conditions for 
the ring-plate (dual ring-plate of Wring = 10, 20mm and single ring-plate of W = 20mm). For n at un-loaded 
experiments in Fig. 7-14(a), the maximum difference of about 20rpm was confirmed in each N at the two 
conditions of the dual ring-plate. n of the dual ring-plate was larger compared to that of the single ring-plate 
in all N, and they were 1.2 times for N = 2 and 4, 1.18 times for N = 6, and 1.08 times for N = 8. These 
increase rates show that the effect of the dual ring-plate on n appears in smaller N. For the transition of n 
with the increase of N in each condition of the ring-plate, n slightly decreased with the increase of N at N ≥ 
4 when the dual ring-plate is placed, and n decreased with the increase of N when the single ring-plate is 
placed. For [Tbrake]max at loaded experiments in Fig. 7-14(b), the values of [Tbrake]max at Wring = 20mm was 
larger than those at Wring = 10mm except at N = 8. [Tbrake]max of the dual ring-plates was larger than that of 
the single ring-plate in all N, and they were 1.7 times at N = 2 (Wring = 20mm), 2.2 times at N = 4 and 6 
(Wring = 20mm), and 1.6 times at N = 8 (Wring = 10mm). These increase rates showed that [Tbrake]max increases 
about twice by installing the dual ring-plate in all N, and the effect of the dual ring-plate is larger compared 
with n at the un-loaded experiments. [Tbrake]max increased almost linearly with the increase of N in all 
conditions of the ring-plate except for the decrease at N = 8 at Wring = 20mm. For the result of the single 
ring-plate, the increase rates of [Tbrake]max compared with at N = 2, were 1.9 times at N = 4, 3.3 times at N = 
6, and 4.0 times at N = 8, therefore, [Tbrake]max increased with the same rate as the increase rate of N. Also, 
in the result of the dual ring-plate of Wring = 10mm, the increase rates of [Tbrake]max compared with at N = 2, 
were 2.0 times at N = 4, 2.9 times at N = 6, and 3.8 times at N = 8, and [Tbrake]max also increased with the 
same rate as that of N. In the result of the dual ring-plate of Wring = 20mm, the increase rates of [Tbrake]max 
compared with at N = 2, were 2.2 times at N = 4, 3.1 times at N = 6, and 2.9 times at N = 8, and [Tbrake]max 
increased with the same rate as that of N expect at N = 8. These results of the increase rate of [Tbrake]max 
indicated that the driving torque by the lift force of NV increases equally as the increase rate of N at the 
dual ring-plate of Wring = 10 and 20mm. The decrease of [Tbrake]max at N = 8 and Wring = 20mm is thought to 
be due to the interference effect of the wake on the rotational motion caused by the narrow pitch distance 
between the stepped circular cylinder blades on the inside ring-plate. As shown in Fig. 7-14(c), nmin at Wring 
= 20mm decreased with the increase of N, and then increased at N = 8. However, the systematic change of 
nmin for the increase of N was not observed in the other conditions, and the effect of the installation of the 





Fig. 7-14 Effect of number of stepped circular cylinder blade on rotational speed at U = 10m/s, maximum 
load torque and minimum rotational speed.  
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7.4 Effect of dual ring-plate on power coefficient of stepped circular cylinder blade 
wind turbine 
In order to evaluate the performance of the wind turbine, the power coefficient Cp is determined using the 
results of loaded experiments. The power coefficient is defined by the following equation as same in 




(7 − 1) 
where, ω (= 2πn/60) is the angular velocity of the turbine, and A (= πltotal2/4) is the swept area when the 
cylinder blades rotate. 
Figure 7-15 shows the relationship between Cp and the tip speed ratio of the cylinder blade λ {= 
πnltotal/(60U)} in each N for the stepped circular cylinder blade wind turbine with the dual ring-plate with 
Wring = 10, 20mm. Cp is the product of the load torque Tbrake and the rotational speed n which are measured 
in the loaded experiments. Therefore, Cp changed like an upwardly convex curve as λ changes. In the results 
for Wring = 10mm shown in Fig. 7-15(a), the maximum value of Cp ([Cp]max) increased with the increase of 
N. The maximum power coefficient [Cp]max was obtained in the range of 0.2 ≤ λ ≤ 0.26, but systematic 
change of this λ with increasing N was not confirmed. The range of λ where the stepped circular cylinder 
blade rotates steadily was minimum at N = 2 and maximum at N = 8, and this range of λ at N = 4 and 6 was 
almost equal. In the results for Wring = 20mm shown in Fig. 7-15(b), [Cp]max increased with the increase of 
N, similar to the result of Wring = 10mm. λ when [Cp]max is obtained was λ = 0.19 at N = 2 and λ ≃ 0.21 at 
other N. The range of λ increased in the order of N = 2, 8, 4, and 6, so the systematic change with the 
increase of N was not confirmed. Fig. 7-16 shows the relationship between Cp and λ in each N for the 
stepped circular cylinder blade wind turbine with the single ring-plate of W = 20mm and D = 155mm.Cp 
changed like an upwardly convex curve as λ changes and [Cp]max increased with the increase of N. λ when 
[Cp]max is obtained was in the range of 0.16 ≤ λ ≤ 0.19 and the range of λ where the stepped circular cylinder 
blade rotates steadily increased with the increase of N. 
Figure 7-17 shows the transition of [Cp]max with increasing N for the stepped circular cylinder wind turbine 
at the three conditions of the ring-plates (dual ring-plate of Wring = 10, 20mm, and the single ring-plate of 
D = 155mm, W = 20mm). [Cp]max increased with the increase of N in any conditions of ring-plate. In the 
results of dual ring-plate of Wring = 10mm and Wring = 20mm, the values of [Cp]max were almost equal in 
each N except N = 8. Comparing the results of the dual ring-plate and single ring-plate, [Cp]max of the former 
was larger than that of the latter for all N, the former were 1.6 times at N = 2 (Wring = 20mm), 1.7 times at 
N = 4 (Wring = 20mm), 1.5 times at N = 6 (Wring = 20mm), and 1.4 times at N = 8 (Wring = 10mm) as large 
as the latter, respectively. These comparison results showed that even if the NVs generated on the wind 
turbine is doubled by the dual ring-plate, [Cp]max increases less than double. In order to evaluate the trend 
of increase of [Cp]max when the number of NVs formed is doubled by using different methods, [Cp]max at N 
= 2 in the single ring-plate is compared with [Cp]max at N = 4 in the single ring-plate and [Cp]max at N = 2 in 
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the dual ring-plate (Wring = 20mm). [Cp]max increased 2.2 times for N = 4 in the single ring-plate and 1.6 
times for N = 2 in the dual ring-plate (Wring = 20mm), i.e., [Cp]max was improved by doubling of N in the 
single ring-plate. On the other hand, [Cp]max at N = 4 in the single ring-plate is compared with [Cp]max at N 
= 8 in the single ring-plate and [Cp]max at N = 4 in the dual ring-plate (Wring = 20mm). By the doubling of 
these stepped circular cylinder blades and the installation of the dual ring-plate, the formation number of 
NVs were doubled and [Cp]max increased 1.9 times at N = 8 in the single ring-plate and 1.8 times at N = 4 
in the dual ring-plate (Wring = 20mm), i.e., the increase rate of the two [Cp]max was almost equal. These 
comparisons of experimental results indicate that the doubling of the NVs by attaching the dual ring-plate 
is effective for improving the performance at large N. 
The increase rates of [Cp]max of the single ring-plate compared with at N = 2, they were 2.2 times at N = 4, 
3.4 times at N = 6, and 4.3 times at N = 8, and [Cp]max increased more than the increase rate of N. Also, in 
the dual ring-plate of Wring = 10mm, the increases rate were 2.4 times at N = 4, 3.3 times at N = 6, and 3.7 
times at N = 8 compared with N = 2. In addition, at Wring = 20mm, the increases rate were 2.3 times at N = 
4, 3.1 times at N = 6, and 3.2 times at N = 8 compared with N = 2 and [Cp]max increased more than the 
increase rate of N expect N = 8. 
 
 
Fig. 7-15 Power coefficient vs. velocity ratio each blade number of stepped circular cylinder blades wind 















Fig. 7-16 Power coefficient vs. velocity ratio of for each blade number of stepped circular cylinder blades 



















Fig. 7-17 Maximum power coefficient vs. blade number of stepped circular cylinder blades for each 





In this chapter, in order to improve the performance of cylinder blade wind turbines, the double 
downstream ring-plate with a width of W = 20mm is installed on the single and stepped circular cylinder 
blade wind turbine, and the effects of the distance between the two ring-plates (Wring) and the blade number 
(N) of the stepped circular cylinder blade on the rotation, output torque, and the performance characteristics 
were investigated. The conclusions obtained from the experimental results and discussion are shown below. 
1. For both single and stepped circular cylinder blade wind turbines with dual ring-plate, the optimum 
gap between the two ring-plate, where the maximum load torque [Tbrake]max was obtained, was about 
one-cylinder blade diameter (Wring = 20mm). 
2. For both single and stepped circular cylinder blade wind turbines with dual ring-plate, the results of n 
and [Tbrake]max of the dual ring-plate exceeded those of the sing ring-plate of W = 20mm in almost all 
Wring, but compared with the result of W = 40mm, the effect of the dual ring-plate was limited to 
[Tbrake]max at the certain Wring. 
3. In each N of the stepped circular cylinder blade, the effect of the dual ring-plate on n at un-loaded 
experiments was not confirmed, but [Tbrake]max became 2.2 times larger at maximum than that at single 
ring-plate of W = 20mm placed. 
4. In the experiments in this chapter, the effect of the installment of dual ring-plate on the increase in the 
maximum power coefficient [Cp]max did not exceed the effect of doubling the blade number in the 
single ring-plate. However, it was also shown that the doubling of the necklace vortices (NVs) by the 





The conclusions from the experimental results in Chapters 3-7 are summarized, and the basic knowledge 
for improving the performance of circular cylinder blade wind turbines is clarified. The performance of the 
circular cylinder blade wind turbines obtained in the above chapters is compared with that of conventional 
wind turbines, and the status and prospects of the circular cylinder blade wind turbine in wind power 




8.1 Summary of conclusions in each chapter 
The objective of this research work was to develop the circular cylinder blade wind turbine driven by the 
steady lift force of the longitudinal vortex (LV). In order to achieve this objective, the following three 
experiments were conducted. 
1. Visualization of the necklace vortex (NV) at the intersection of the circular cylinder blade and the 
ring-plate. 
2. Investigations of the rotation and output torque characteristics of the circular cylinder blade wind 
turbine for various structural parameters, and the characteristics of axial drag force acting in the 
mainstream direction. 
3. Suggestions of the configurations of circular cylinder blade and ring-plate for the enhance methods of 
performance of the wind turbines. 
The circular cylinder blade wind turbines are classified into two types: single circular cylinder blade and 
stepped circular cylinder blade wind turbines. A single long cylinder blade was adopted for the single 
circular cylinder blade wind turbine and the influence of the basic structural parameters on each 
characteristic were investigated. The stepped circular cylinder blades, that had thick portions for only the 
effective regions for the lift force generation by NV and this for others, were adopted to the stepped circular 
cylinder blade wind turbine and the mechanism for improving the performance were investigated. All 
experiments were conducted in the test section of the wind tunnel, and measuring devices were attached to 
the end of the driving shaft of each wind turbine, depending on the objects to be measured. Conclusions to 
the objectives in each chapter are as follows: 
In Chapter 3, the process of formation and shedding of the NV at the intersection of the rotating 
circular cylinder blade and ring-plate was observed by the smoke visualization. Using the images of NVs 
obtained from visualizations, the cross-section diameter of the NV was determined. By the evaluation of 
the cross-section diameter of the NV, the influence of the experimental conditions such as the diameter of 
the circular cylinder blade and the pitch between the circular cylinder blades on the formation of the NV 
was investigated. The NV was stably formed in the gap on the opposite side of the moving direction of 
circular cylinder blade, which agreed with the results of the numerical analysis. The cross-section diameter 
of the NV was highly dependent on the diameter of circular cylinder blade and increased almost as much 
as the increase rate of the circular cylinder blade diameter. On the other hand, the effect of increasing the 
number of the circular cylinder blades on the cross-section diameter of NV was small, but the increase in 
the blade number induced ununiformity in the size of cross-section diameter of NV. 
In Chapter 4, the steady lift forces acting on the single circular cylinder blade wind turbine under 
forced rotation at constant flow velocity were measured, and the relationship with the relative attack angle 
was investigated. The rotation and output torque characteristics were investigated by varying the structural 
parameters that were considered to affect the magnitude of the lift force by the LV. The lift and drag 
coefficients acting on the single circular cylinder blades were calculated using the output torque 
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characteristics obtained by the loaded experiments. The aerodynamic force coefficient Cz acting on the 
single circular cylinder blade increased monotonically with the increase of the relative attack angle, which 
was geometrically determined by the moving velocity of single circular cylinder blade and the mainstream 
velocity. When Cz was negative, the single circular cylinder blade accelerated in the rotating direction 
when an initial motion was given. The attack angle increased with the rotational speed and when Cz 
reached zero, the acceleration also became zero and the single circular cylinder blade rotated steadily. 
When the gap ratio was s/d ≥ 0.35, Cz became negative and the single circular cylinder blade rotated 
steadily at un-loaded condition, but when the gap ratio was s/d < 0.35, the single circular cylinder blade 
did not rotate steadily at any flow velocity. The rotational speed n for the increasing flow velocity U was 
determined to be a constant α in which Cz was 0 regardless of U. The lift coefficient CL of NV was well 
approximated by a decreasing linear function of the velocity ratio λ and the drag coefficient CD against the 
rotation was assumed to be constant by properly defining the span wise lengths of their acting region on 
the single circular cylinder blade. Using the values of CL and CD, the relationships between n and U under 
un-loaded condition and between the power coefficient Cp and the velocity ratio λ were fairly well 
predicted for the widely varying conditions. The wide ring-plate and attachment of the flanges were shown 
to be promising technique to improve the performance of the wind turbine. 
In Chapter 5, in the stepped circular cylinder blade wind turbine, which was thought to have a 
practical wind turbine configuration, the effects of the effective length l, number N and diameter d of the 
stepped circular cylinder blade on the rotation, output torque, and power characteristics were investigated. 
By setting the effective length of the stepped circular cylinder blade equal to the formation region of NV, 
the fluid resistance to rotation was reduced without decreasing the lift force of NV. The lift force acting 
on per blade was almost constant at N ≤ 8, but decreased by the interference effect by the wake related to 
rotation at N ≥ 10. This interference effect also occurred at d = 28 and 30 mm for N = 8 and at all d for N 
= 10. The instability of NV formation was induced at small rotational speeds for the large blade diameter 
d, leading to an increase in the minimum flow velocity which steady rotation was obtained in un-loaded 
experiments and an unexpected stop of rotation in the loaded experiments. The effects of the blade pitch 
ratio t/d on rotation and output torque characteristics were extensively investigated by combining the 
conditions of blade number N and blade diameter d. In the range of the pitch ratio of t/d < 2, the lift force 
by NV per stepped circular cylinder blade was reduced by the interference effect of the wake on the 
rotational motion of the cylinder blades. By further narrowing the range of t/d at high flow velocities, the 
effect of high rotation occurred, and the rotational speed of the stepped circular cylinder blade increased 
rapidly. From the above conclusions, l = 60mm and t/d ≃ 2 was recommended as the optimum 
configuration for the stepped circular cylinder blade wind turbine. 
In Chapter 6, The effects of basic structural parameters such as gap ratio s/d and ring-plate width 
W on the axial drag force characteristics in the mainstream direction were investigated. The effects of the 
blade number on the drag force characteristics of the entire circular cylinder blade wind turbine and per 
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circular cylinder blade were clarified by the experiments with the stepped circular cylinder blade wind 
turbine. When the LV was formed stably behind the moving direction of the circular cylinder blade, the 
strong suction flow (negative pressure region) was generated between the circular cylinder blade and the 
downstream ring-plate, which caused a large drag force in the mainstream direction to the circular cylinder 
blade at the same time as the lift force. The axial drag acting on the entire circular cylinder blade wind 
turbine at constant flow velocity increased almost in proportion to the increase in the ring-plate width W 
and the blade number N. The rotational speeds of the cylinder blades increased linearly with the increase 
in flow velocity so that the relative attack angle α kept constant, while the axial drag force increased 
exponentially. The axial drag coefficient showed complex behavior in several experimental conditions. 
This behavior of the axial drag coefficient was considered to be related to the generation of tip vortices by 
the increase in rotational speed, the destabilization of the LV formation by the change in the ring-plate 
width at the same total blade length, and the effect of the interference of the wake on the rotational motion 
of the cylinder blade by the increase in the blade number. 
In Chapter 7, in order to enhance the performance of the circular cylinder blade wind turbines, 
dual ring-plate consisted of the two different center diameter ring-plates were installed in the downstream 
of the circular cylinder blades and this influence on the rotation, output torque, and performance was 
investigated, and the effectiveness of dual ring-plate was evaluated by comparison with the case of the 
single ring-plate with W = 20 and 40mm. For both single and stepped circular cylinder blade wind turbines 
with dual ring-plate, the effect of gap between the two ring-plate Wring was investigated and the optimum 
condition was determined. For both single and stepped circular cylinder blade wind turbines, the 
experimental results of the dual ring-plate improved those of the sing ring-plate of W = 20mm in almost all 
Wring, but compared with the result of W = 40mm, the effect of the dual ring-plate was limited to the output 
torque characteristics at certain Wring. The effect of blade number of the stepped circular cylinder blade 
wind turbine was investigated. In each N of the stepped circular cylinder blade wind turbine, the effect of 
the dual ring-plate on n at un-loaded experiments was not confirmed, but [Tbrake]max became 2.2 times larger 
at maximum than that at single ring-plate of W = 20mm placed. The effect of dual ring-plate on the increase 
in the maximum power coefficient [Cp]max did not exceed the effect of doubling the blade number in a single 
ring-plate. However, it was also shown that the doubling of the NVs formation by the installation of the 




8.2 Status of circular cylinder blade wind turbines in wind power generation 
The performance of the circular cylinder blade wind turbines in this research work (relationship between 
Cp and λ) was highest for the stepped circular cylinder blade wind turbine with the blade diameter d = 30mm 
and the blade number N = 8 as shown in Subsection 5.3.3 (Fig. 5-64). This condition is hereafter called to 
as the "maximum condition". The relationship between Cp and λ under the maximum condition is shown 
again in Fig. 8-1(a), which is added to the figure (Fig. 1-3(b)) showing the power coefficient of the 
conventional wind turbines. The torque coefficient Cq is calculated by the following Eq. (8-1) using the 
results of the loaded experiments of the maximum condition (Fig. 5-37), and the relationship between Cq 
and λ is shown in Fig. 8-1(b), which is the same figure shown in Fig. 1-3(a) adding to the torque coefficient 




(8 − 1) 
The range of λ at the maximum condition is 0.05 < λ < 0.35, and λ at the maximum Cp is 0.2, which is 
remarkably small compared with the conventional wind turbines. The power coefficient is also much 
smaller than that of conventional wind turbines. However, in this research work, the maximum power 
coefficient could be improved by more than 8 times by changing the structural parameters from the 
prototype model of single circular cylinder blade wind turbine to the optimum conditions described above 
(see Figs. 4-21 and 5-64). In Chapter 4, it was shown that the installation of a wide ring-plate is effective 
in improving the performance. Furthermore, as shown in Chapter 7, it was expected that the performance 
can be improved by installing the dual ring-plate. There is a lot of possibility for improving the performance 
of circular cylinder blade wind turbines and the methods. The torque coefficient Cq of the circular cylinder 
blade wind turbine decreases linearly with the increase of λ. This change in Cq is similar to that of Savonius-
type wind turbines (drag force type) and multi-wing wind turbines (lift force type), and also exceeds the Cq 
of many conventional lift force type wind turbines. 
Based on the characteristics of the circular cylinder blade wind turbine described above, and the rotational 
and output torque characteristics investigated in each chapter, the circular cylinder blade wind turbine is 
currently suited to the medium or small size wind turbine that can be installed in residential areas or the 
living area. It is easy to start and stop the rotation instantaneously and simply by controlling the gap between 
the circular cylinder blade and the ring-plate, compared with applying the brake or controlling the angle of 
rotor blade. And the problem for the popularization of wind turbines in residential areas can be solved by 





(a) Power coefficient 
 
(b) Torque coefficient calculated by Eq. (8-1). 
Fig. 8-1 Comparison of performance of stepped circular cylinder blade wind turbine with d = 30mm, N = 
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